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SUMMARY
This thesis describes an experimental investigation of the 
radiationless transitions of the azabenzenes. Lifetimes of the 
fluorescence from these molecules have been measured with the single 
photon counting technique. As the fluorescence from these molecules is 
exceedingly weak, a great deal of attention has been paid to the details 
of the experimentation. The errors involved in these studies have been 
carefully analysed.
A study of the pressure dependence of the lifetime of 
fluorescence from the origin of the 6a* vibronic level of pyrimidine has 
demonstrated the most marked collision sensitivity of any radiationless 
transition yet observed. This transition only occurs after a 
collisional perturbation and this study has shown that it is occurring 
in the small-molecule limit.
The fluorescence lifetimes of single vibronic levels of 
pyrazine were also measured. The previous identification of its 
intermediate case intersystem crossing was confirmed with true single 
vibronic level excitation.
Measurements of the fluorescence lifetimes of single vibronic 
levels of s-triazine were the first observation of fluorescence from 
this azabenzene. These lifetimes are non-exponential and suggest that 
there are two active radiationless transitions leading to the decay of 
these s-triazine singlet levels. One of these processes appears to be a 
collision dependent intersystem crossing, analogous to the small- 
molecule transition of pyrimidine.
These new results have been combined with the steady state 
quenching data of other workers to produce an overall picture of singlet 
decay in the azabenzenes. This picture is in good general agreement 
with predictions of theory.
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CHAPTER 1
INTRODUCTION
After there has been an interaction between the radiation 
field and matter an excited state may be formed. This state will exist 
for some finite time before decaying into some other state. The nature 
of the process that is involved in such a decay is of central interest 
to much of chemistry and physics. Sometimes, this decay simply consists 
of emitting a photon identical to the one that was previously absorbed; 
sometimes, it is more complicated.
Let us restrict this discussion to the decay of excited states 
in polyatomic molecules. Mow, when an excited state has been formed, 
emission competes with the other possible decay channels. If the 
excited state has singlet multiplicity, this emission is called 
fluorescence; when it has triplet multiplicity, emission is called 
phosphorescence. These processes are comparatively straightforward.
The other decay channels have been grouped under the heading of 
radiationless transitions. There is a much greater variety of 
radiationless processes than there are emissive ones and they include 
some photochemical reactions (which will not be considered here), 
transitions where the electronic state changes but spin is conserved 
(internal conversion) and transitions where both the electronic state 
and the spin change (intersystem crossing).
Because the emitted photons of an emissive transition can be 
directly observed, these optical transitions have been studied in a
large number of polyatomic systems. The book by Birks [1970] is a 
collection of much of this work.
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The radiationless transitions are more difficult to study and 
so less is known about these decay processes. Much theoretical 
attention has been paid to these processes and this has been reviewed by 
Schlag, Schneider and Fischer [1971] and by Henry and Siebrand [1973, 
1975]. There are no comparable reviews dealing with the experimental 
results that bear on the radiationless transition problem, although each 
of the above reviews devotes some attention to the relevant experimental 
data.
The radiationless transition is due to the coupling of the 
initially prepared excited state with the other states of the system. 
This coupling has been described in a number of ways, all of which 
involve an interaction between the excited state and some quasi­
continuum, brought about by the nuclear dependence of the electronic 
wave function. The representation of the states involved in the 
transition is important. Various forms of the Born-Oppenheimer 
approximation have generally been used.
The development of the theory has shown that there should be a 
very strong dependence of the rate of a radiationless transition on the 
degree of vibrational excitation in the electronically excited state. 
There is a similar dependence of this rate on the vibrational excitation 
of the accepting level. There are very clear differences predicted for 
intersystem crossing to the three different sub-levels of each triplet 
state. The former dependence has been used to explain the well-known 
"deuterium effect" and the latter has led to a heightened interest in
spin polarisation studies.
3When these theoretical developments are combined, they lead to 
a description of a radiationless transition that is roughly as follows.
A sharp initially excited state is buried in a dense manifold of zero- 
order secondary states. A transition occurs because of the coupling 
between this state and the manifold. The way in which this transition 
occurs will depend upon the nature of this manifold. Because of this 
dependence, a useful classification scheme of accepting manifolds has 
developed.
(1) The Statistical Limit. Here the density of levels within the 
manifold is extremely high. The levels are so close that their line 
widths overlap to form a true continuum. Intramolecular relaxation 
occurs which is essentially independent of external perturbations. Most 
polyatomic molecules of benzene size or larger fall into this category.
(2) The Small-Molecule Limit. Here the levels of the manifold are 
coarsely spaced. Accidentally degenerate levels will be split and will 
remain stationary. These levels cannot relax unless level broadening 
and some quasi-continuum of states are provided by collisions or by 
coupling with the lattice vibrations of the medium. A typical example 
of this group is CN.
(3) The Intermediate Case. Here the levels of the manifold are 
dense but not dense enough to form a continuum. In this case almost any 
interaction with the medium will lead to sufficient line broadening to 
produce a continuum. Relaxation will occur without an external 
perturbation but it will be greatly accelerated by such a perturbation. 
Examples of the intermediate case where the density of states is small 
but where the vibronic coupling effects are large are N02, S02 and CS2.
The experimental approach that offers the closest analogue of 
the theoretical treatment of radiationless transitions is the single
4vibronic level lifetime technique. When the initially excited state is 
a singlet, this technique can offer a very high degree of specificity 
with which to choose the desired single vibronic level. Measurements of 
this type have only become possible recently with the development of 
high intensity nanosecond light sources and the expropriation from 
nuclear physics of their data acquisition and handling procedures« It 
is worth noting that the first result of a study that could justly claim 
to have achieved single vibronic level excitation of a polyatomic 
molecule was only reported in 1970 [Selinger and Ware 1970a].
When polyatomic molecules are being excited the term single 
vibronic level excitation can be misleading. This term is an 
approximation because of the high densities of states and the broad 
levels associated with polyatomic molecules. In order to appreciate 
just how good an approximation is being made when this term is employed, 
the following classification of exciting conditions has come into wide­
spread use.
(1) The main absorption bands are resolved with little or no 
underlying sequence background. Benzene is an example of this group 
where single vibronic excitation is possible.
(2) The main bands are resolved but sequence background exists. 
Molecules of the size range, toluene, aniline and naphthalene belong to 
this group.
(3) Single bands are not resolved and the spectra are diffuse. 
Tetracene is an example of this group. Byrne and Ross [1971] have 
reviewed the current understanding of the sources of such diffuseness in
polyatomic molecules.
5Benzene is the polyatomic molecule that has been most 
extensively studied. The first single vibronic lifetime studies of 
benzene were reported only five years ago [Selinger and Ware 1970a;
1970b]. More complete studies of benzene-h6 [Spears and Rice 1971] and 
benzene-d6 [Abramson, Spears and Rice 1972] have followed. These 
results have been examined theoretically in detail by Heller, Freed and 
Gelbart [1972] with the following conclusions.
(1) The theory is capable of giving a good account of all general
features of the observations, e.g. the energy dependence of T , theNR
influence of deuteration, differences between the decays of compound 
vibronic levels with the same energy but different mode composition and 
so on.
(2) The relative rates of non-radiative decay are (calculated to 
be) insensitive to the frequency of the promoting mode as long as the 
promoting mode is not excited and the energy gap is small. This is not 
true of the absolute rate of non-radiative decay»
(3) The relative rates of non-radiative decay are (calculated to 
be) sensitive to the change in frequency of the optical mode between the 
two electronic states, but are generally insensitive to changes in the 
frequencies of all the other accepting modes. The major influence of 
the change in optical mode frequency is to increase the contribution to 
the relative rate of non-radiative decay made by those final states 
which correspond to moderate changes in the number of optical mode 
quanta„
Predating this work with lifetime studies has been a long 
series of measurements of single vibronic level fluorescence from the 
XB state of benzene. These have been reviewed by Parmenter [1972]„
6These studies have all contributed to the view that benzene is 
an example of a molecule in the statistical limit.
There is a paucity of comparable data from other molecules» 
Scheps and Rice [1975] have demonstrated the importance of Franck-Condon 
factors in the energy dependence of lifetimes of vibronic states of 
aniline. They found a reversal of the relative rate of radiationless 
decay when the optical mode is very anharmonic, as in the case of an 
inversion mode.
Naphthalene is the prime example of work done on larger 
molecules. Knight, Selinger and Ross [1973] were able to excite low 
lying levels of isolated naphthalene molecules. Boesl, Neusser and 
Schlag [1975a,b] have repeated and extended this work with the higher 
exciting resolution obtainable from a dye laser. In both these studies 
the mean fluorescence lifetime of the pumped state decreases with 
increasing energy but not as a smooth function of excess energy. For 
the low lying levels 0° and 8(b, )* the ratio of lifetimes for theseig
states is explicable in terms of the difference in radiative lifetimes. 
The irregularities in the lifetime as a function of excess energy could 
be a consequence of the radiationless transition B^u "*■ B2U w^ich 
implies coupling of *B.^ to the lowest triplet state»
Stockburger, Gattermann and Klusmann [1975a,b] and Gattermann 
and Stockburger [1975] have measured single vibronic level spectra and 
quantum yields of isolated naphthalene molecules» They suggest that in 
cases of accidental degeneracy between vibronic levels of SL and higher 
triplet states, T2 and T3, a resonance crossing mechanism is dominant 
and that at higher excitation a new decay channel that is not inter­
system crossing appears. Perhaps this channel is similar to the elusive 
channel three of benzene [Calloman, Parkin and Lopez-Delgado 1972].
7Molecules outside of the statistical limit have been the 
object of considerable attention since the early assault on benzene„ 
These are molecules where the final state densities are low either 
because the molecule is small or because there are small energy gaps 
between the coupled states. Theoretical treatments have developed a 
number of sub-cases for these non-statistical radiationless transitions 
[Delory and Trie 1974; Robinson and Langhoff 1974] but these are 
unified by their sensitivity to collisions,,
Glyoxal has been well characterised with S1_>'T1 crossing 
identified by a simultaneous observation of S: fluorescence quenching 
and Tx phosphorescence growth during collisional assault. Both 
fluorescence quenching studies [Anderson, Parmenter, Poland and Rau 
1971; Yardley, Holleman and Steinfeld 1971; Anderson, Parmenter and 
Poland 1973] and the more recent lifetime studies [Beyer, Zittel and 
Lineberger 1975; Beyer and Lineberger 1975] have demonstrated the 
resonance Sj+Tj behaviour predicted. From these lifetime studies they 
found that 26 vibronic levels of the excited state decayed largely via 
vibrational relaxation, even though some collision induced intersystem 
crossing did occur. They observed substantial long range glyoxal- 
glyoxal interactions and collision diameters ranged up to seven times 
hard sphere.
Thayer and Yardley's [1972] fluorescence quenching studies 
have shown that propynal is also a small molecule but that here there 
are two collisional channels,, They examined the effectiveness of 19 
different collision partners and found a marked difference between the 
efficiency of polar and non-polar partners. Collision cross sections 
for polar quenchers were larger than hard sphere while non-polar ones 
were slightly smaller. They developed a simplified theory for these
8collisionally induced transitions on the basis of long range 
instantaneous dipole-dipole interactions resulting in spin allowed 
transitions to the dense manifold of the ground state or to a 
dissociative one.
Formaldehyde is another example of a molecule in the resonance 
limit. The lifetime study of Yeung and Moore [1973] demonstrated a very 
efficient collision induced internal conversion from the *A2 singlet to 
high vibrational levels of the ground state that had been broadened by 
unimolecular dissociation. The decay rate increased rapidly with 
increasing vibrational energy. A hundredfold increase in rate was 
observed for 4000 cm-1 in D2C0o The variation in rate with the 
particular combination of normal modes was small. The effect of 
deuteration was marked leading to a decrease in the rate by a factor of 
twenty,. Collisions were very efficient with some cross sections up to 
ten times hard sphere. Miller and Lee [1975] have also examined 
formaldehyde, and have found variations in the lifetimes and quantum 
yields of different vibrational states of as much as a factor of 40.
There are now two well documented cases of intermediate 
molecule behaviour. These are pyrazine [Lahmani, Frad and Tramer 1972; 
Frad, Lahmani, Tramer and Trie 1974; Lahmani, Tramer and Trie 1974] and 
methylglyoxal [Coveleskie and Yardley 1975a,b]0 In both these molecules 
intersystem crossing is observed and at sufficiently low pressures the 
fluorescence decay is strongly non-exponential„ This can be 
quantitatively explained if the intersystem crossing pathway is 
reversible. Such behaviour is possible if the number of accepting 
levels is sufficiently small and was first proposed by Ashpole, 
Formosinho and Porter [1971]. Although the evidence is not so 
compelling intermediate size behaviour has also been proposed for
benzophenone [Busch, Rentzepis and Jortner 1972; Hochstrasser and 
Wessel 1973] , quinozalene [McDonald and Brus 1974; Soep and Tramer 
1975] and biacetyl [van der Werf, Zevenhuijzen and Kommandeur 1974].
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Since the experiments on none of these systems has been able 
to yield enough information to fully characterise a radiationless 
transition, it is perhaps time to look for another system. Such a 
system will have to satisfy a number of requirements.
(1) The chosen system must have been thoroughly studied so that 
the nature of its excited states is known and so that its vibrational 
assignments are reasonably secure.
(2) It must have been a well resolved absorption spectrum so that 
single vibronic level excitation is possible.
(3) It must fluoresce in the vapour phase and it would be an 
advantage if it phosphoresced also.
(4) It must have a reasonable vapour pressure at normal laboratory 
temperatures.
This is a formidable list of requirements and one that very 
few polyatomic molecules could meet. One group that comes close to 
satisfying them is the group of heterocyclic molecules, the azabenzenes. 
The six members of this group are shown in figure 1.1. These molecules 
have been extensively studied and the results of this study have been 
reviewed by Innes, Byrne and Ross [1967]. Considerable effort has since 
been directed at certain members of this group and this is described in 
the later parts of this thesis.
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Figure 1.1. The Azabenzenes,, The axis conventions are also shown. 
Inertial axes a and b are denoted for the hydrogen compounds 
according to the convention Ia ^  1^ ^  Ic. It should be noted also 
that Ia 1^ and that the a and b axes are interchanged when all the 
hydrogen atoms are replaced by deterium atoms in pyrazine, 
pyridazine and s-tetrazine.
One of the azabenzenes, pyrazine, has already proved to lie in 
the group of small and intermediate size molecules and it is quite 
likely that the others might also lie here„ These are comparatively 
large molecules but they have considerably fewer vibrational degrees of 
freedom than for example has benzene and the energy gaps between their 
nTT lowest excited singlets and nTT triplets are small indicating that the 
densities of triplet states near the origins of their first excited 
singlets are also small„ Also since these are nTT states it is not 
unreasonable to expect that intersystem crossing might be a very 
effective radiationless transition route»
This thesis describes the results of a study among the 
azabenzenes looking for either small molecule or intermediate case
decay. Due to certain experimental difficulties this search has been
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limited to a study of the lifetimes of some of these molecules in the 
low pressure gas phase. The results are grouped together in Chapters 
4, 5 and 6 with the general picture of Sx ->• T intersystem crossing in all 
azabenzenes given in Chapter 70 Chapters 2 and 3 detail the 
experimental and data handling techniques employed to extract the 
lifetimes from this group of molecules.
The suggestions of McGlashan [1971] have been followed where 
they do not depart too far from the usual experimental spectroscopic 
usage. Where the conflict has been too great usage has been followed 
with the relegation of the recommendation to a footnote.
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CHAPTER 2
THE MEASUREMENT OF FLUORESCENCE 
DECAYS IN VAPOURS AT LOW PRESSURES
This chapter describes the experimental techniques that have 
been employed to measure the fluorescence decay of azabenzene vapours.
It describes how the azabenzene being studied was purified and then 
admitted to the sample cell; how the very fast output pulse of a low 
pressure flash lamp was used to excite a single vibronic level; how the 
fluorescence from this level was analysed by a sensitive single photon 
counting system; and how this system was calibrated against a chemical 
lifetime standard. It also describes an attempt to extend the study of 
these decays to the quenching of the steady state fluorescence of single 
vibronic levels.
2,1 MATERIALS AND THEIR PURIFICATION
Since the vapour phase is a somewhat kinder medium for 
fluorescence studies than are the condensed phases, the extreme 
precautions that we associate with condensed phase studies are not 
required when materials are being purified for vapour phase worko All 
the azabenzenes were Fluka purum grade and were sublimed under vacuum 
before use, s-Triazine (kindly supplied by Dr. G, Fischer) was zone 
refined prior to sublimation. To check that sublimation alone was an 
adequate purification technique, some pyrimidine was purified by 
preparative vapour phase chromatography (under the guidance of Associate
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Professor W.D. Crow) before sublimation. There was no difference 
between the lifetime measured from this sample and one measured from 
pyrimidine that had only been sublimed.
Hexafluoracetone was supplied by Matheson Gas Products and 
used without further purificationD Deuterium was supplied by Stohler 
Isotope Chemicals, Matheson Gas Products or the Liquid Carbonic Division 
of General Dynamics (kindly supplied by Dr. C.P. Whittle).
2 o 2 VACUUM TECHNIQUES
A grease-free vacuum line was constructed for evacuating and 
filling the sample cell. An Edwards ED75 two-stage rotary pump and a 
Dynavac OD600 4 inch three-stage oil diffusion pump form the basis of 
the vacuum line. They are isolated from the rest of the line by glass 
traps that are suspended in spherical dewars filled with liquid 
nitrogen,, Because of their low heat loss these dewars maintain a much 
higher level of liquid nitrogen than conventional dewars and so increase 
the efficiency of the traps. With the exception of these traps and the 
gas mixing manifold all materials are either brass or aluminium alloy, 
with Viton "0M-rings at all joints beyond the diffusion pump. Valves 
are Edwards 1 inch Speedivalves in the metal section and Kontes teflon
valves in the glass mixing manifold. This line rapidly pumps down to 
_ 7 j* . _10 torr in the metal section and 10 torr in the glass one« A 
similar vacuum line was constructed of glass for use with corrosive 
substances„
1 torr E lo33322 x 102 Pa.
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Figure 20lo The Wood's Horn. Its windows are made of suprasil I and
are the only part of the horn not painted black. All dimensions are 
in mm.
The sample cell is a Wood's horn (see figure 2.1)0 After a 
thorough washing and drying the filler tube of the horn is joined to the 
glass manifold of the vacuum line0 It is evacuated thoroughly and then 
filled to the desired pressure. The vapour is condensed onto the tip of 
the horn and the filler tube is constricted and cut with a flame. 
Although this sequence adds considerably to the time taken to fill a 
horn, it is considered worthwhile because it removes the possibility of 
leakage that accompanies all types of valves„
Accurate pressure measurement has turned out to be very 
difficult and the lack of reliable pressure measuring equipment has 
severely limited the scope of this study. The general behaviour of the 
vacuum system is monitored with either a Dynavac TM1 thermistor gauge or 
a Dynavac CCH Cold Cathode Ionisation gauge0 These were calibrated 
against an Edwards HSIA high sensitivity McLeod gauge„ Neither of these
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gauges is suitable for measuring the pressure of an azabenzene in the
range 10 - 1 torr. A Varian/NRC Alphatron ionisation gauge was tested
for this job, but found to be prone to contamination by the vapour and
+even when freshly cleaned to be very unstable„ For example, during one 
set of readings of the pressure of 1.65 torr of pyrimidine (the vapour 
pressure of pyrimidine at 0 C) the gauge varied from 14 to 17.5 torr, 
giving a calibration factor of 8U5 to 10.6!
A 10 cm quartz cell was added to the glass manifold and a 
Beckman DU spectrophotometer to the vacuum lineQ Again the vapour 
pressure of pyrimidine at 0 C was used to calibrate the pressure 
measuring system. This technique has potential at the higher pressures, 
particularly as it makes it possible to measure the partial pressures of 
the components of a mixture of gases. But since 10 cm of 1.65 torr of 
pyrimidine only has an absorbance of 0.038 at the origin this technique 
is not suitable for low pressures unless a very much longer pathlength 
is available., There was another problem peculiar to this installation„ 
This is the fact that the single beam DU does not maintain its zero 
sufficiently well to allow the five minutes or more needed for diffusion 
to equalise pressure through the constrictions of the manifolds
Expansion of a known pressure of gas into a previously 
calibrated volume has proved to be the most satisfactory way of 
obtaining known pressures of gas.
t Cleaning is a hazardous process because it involves washing silver 
plaques containing radium and its daughters, including the gas radon.
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2.3 SINGLE PHOTON COUNTING
A number of different techniques have been tried for lifetime 
measurements but single photon counting following pulsed excitation has 
proved to be the most sensitive and the least vulnerable to undetected 
systematic errors [Ware 1971] . There is a lower limit to the time scale 
accessible to single photon counting, set by the transit time of the 
detecting photomultiplier tube«, This is about 0o5 ns for the high 
efficiency, high gain tubes usually used. This is quite satisfactory 
for the lifetimes involved in this study.,
The instrument developed for this study is schematically shown 
in figure 2.2. The flash lamp (see section 2„4) is pulsed at 10 kHz, 
Each time it pulses the 1P28 photomultiplier tube generates an 
electrical pulse. The output of the 1P28 is led to a pulse height 
discriminator which distinguishes between photomultiplier noise and true 
flash lamp generated pulsesu When it distinguishes one of these, the 
discriminator generates a standard fast output pulse (the start pulse) 
which in turn starts the sweep of the time to amplitude converter (TAC)» 
In the meantime the spectrometer has selected the emitting wavelength 
and this light flash has excited some of the gas molecules in the Wood's 
horn. Some of these excited molecules fluoresce and some of these 
fluorescent photons may strike the photocathode of the 56 DUVP/03o The 
efficiency of the photocathode is above 20% for single photons and so 
about one in five fluorescence photons that reach the photocathode give 
rise to an electrical pulse which is fed to the second discriminator and 
thence to the TAC0 As the count rate for these experiments was very low 
(0.01-0.05% usually), most TAC sweeps finish without an intervening 
stop pulse from the 436 discriminator. In this case nothing further
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figure 2.2. A schematic representation of the time correlated single 
photon counting apparatus.
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happenso On the rare occasions when a stop pulse arrives before the end 
of the sweep, the sweep stops, and an output pulse whose amplitude is 
proportional to the time between the arrival of start and stop pulses is 
generatedu The output pulse is sent to the analogue-to-digital 
converter (ADC) where its amplitude is converted to a number. This 
number corresponds to one of the channels of the multichannel analyser 
(MCA) and the counter in that channel is incremented. If there have 
been sufficient lamp flashes and hence photon counts for the number of 
single photon events stored in each channel of the MCA to be 
significant, this number is proportional to the probability of emission 
in the time interval At, at time nAt, where n is the channel number and 
At the channel width0 The analyser stores the distribution of time 
intervals for the arrival of the first photons from successive lamp 
flashes„ The size of these intervals depends upon the TAC and the ADC.
The initial timing for this experiment is performed by the 
discriminatorso Now the amplification of the single photon by the 
photomultiplier varies from a factor of 106 to 108 because of the 
differing energies of incident photons, the different parts of the 
photocathode that these photons strike and the variation in 
amplification that can occur in the dynode chain0 This variation in 
output pulse height produces a well-known time shift in the time it 
takes the output waveform to reach a given trigger level, referred to as 
"walk". This walk is characteristic of all leading edge trigger 
circuits„
The two currently most popular methods for eliminating walk 
are to use either low level timing or zero-crossing circuits, although
other methods such as constant fraction timing can be usedu All three
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types of circuits are available commercially. Low level timing 
depends on a high level signal to indicate the presence of a pulse, 
whose timing is then derived from the initial rise of the signal; 
constant fraction timing produces a time pulse when the photomultiplier 
pulse has reached a constant fraction of its total, typically ^ 20%.
Zero crossing produces an inverted pulse with a short piece of cable and 
adds it to the original pulse, thus "differentiating" the photo­
multiplier pulseo Again the trigger is set by a high signal, but the 
time pulse is derived from the zero crossing. This technique 
effectively triggers at 50% of pulse height. These constant fraction 
techniques depend on the assumption that although the photomultiplier 
output pulses will vary in pulse height, they will have similar pulse 
shapeso This assumption is crucial for the proper functioning of any of 
these methods. Any of these methods as used today reduce walk in the 
output time to a time spread of 100 - 200 ps. Before this can be further 
improved it will be necessary to await faster UV photomultipliers.
Constant fraction timing was tried during this study but 
unfortunately the unit used (Ortec 453) proved unsatisfactory, as it 
would not respond to the fast pulses from the photomultiplier which have 
full widths at half maximum (fwhm) of 4 ns. Even with a much slower 
8 ns fwhm pulse the constant fraction discriminator only responded to
thalf of the input pulses0 Thus, leading edge discriminators have been 
used and the timing jitter that they produce has been accepted. The 
temperature of the discriminators has also been found to have a marked 
influence upon their timing performance; because temperature changes
t Ortec have supplied a modification to overcome this problem but this 
has not yet been installed and tested0
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lead to a movement of the thresholdu Such a movement during an 
experiment simply adds to the jitter. Air conditioning the room in 
which the axiparatus operates and so holding the temperature constant to 
±.5 K has at least markedly reduced any threshold wanderu
There are time delays inherent in all stages of the 
experimentu Some of these are due to the light pathlength, photo­
multiplier transit times, cable delays and delays in the electronic 
components. These delays are different in different experiments and 
need to be compensated for by either cable delays or by the Gate and 
Delay Generatoru
The apparatus is only capable of handling one photon per lamp 
flasho If more than one is observed by the 56 DUVP/03 only the first 
produces an output from the TACo With the count rates usual in this 
study (0u01-0„05% of the repetition rate) the probability of two 
photons occurring after the same lamp pulse is negligible and this 
limitation of the apparatus may be safely ignoredo However, when the 
dye laser was used (see section 2.4) much higher light intensities were 
available and then a pile-up inspector based upon the design of Williams 
and Sandle [1970] was included. If this detects a second photon it 
blocks the analogue-to-digital conversion of the TAC output.
In the earlier work [Ware 1971] a biased amplifier was used to 
sample a section of the TAC range and to expand it to cover the full 
range of the MCA. The same selection of the linear part of the TAC 
range may be made with the single channel analyser that is built into 
the 467 TAC,,
The arrangement of modules in figure 2„2 is the conventional 
one. It is equally correct to interchange the start and stop pulses
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with a suitable extra delay for the start pulse. This reduces the 
number of times that the TAC looks unsuccessfully for a stop.
When the MCA has accumulated a sufficiently large number of 
events the experiment is terminated and the contents of the MCA memory 
is punched onto paper tape. This is read into a file on the Univac 1108 
computer via a PDP 11/45 computer0 The treatment of this file is 
discussed in Chapter 3o
The commercially available components of the lifetime 
apparatus are listed below.,
High Voltage Supply Maxwell 69513
Stabilised Power Supplies Fluke 412B
IV 415B
Nim Bin Ortec 401A/402H
Voltage Stabiliser Stabilac SP3000
Discriminators Ortec 417
II 436
Delay Generator VI 416A
Time-to-Amplitude Converter II 467
Analogue-to-Digital Converter Nuclear Data 1024
Multichannel Analyser II II 1100 with 256 
channel memory
Display Oscilloscope Hewlett Packard 12 OB
Counters Racal SA535
Ortec 770/719
Spectrometer Spex 1704
Photomultiplier Tubes Philips 56 DUVP/03
RCA 1P28
Typewriter/Punch Teletype ASR33
2.4 PULSED LIGHT SOURCES
Although a number of different types of light source have been
used in lifetime studies, the most satisfactory remains the low pressure
22
10 KV
CXII80Variable 
110 VAC
0 0 4 7100 K 3 0 0 V
E812CC
3 3 0  K150 A
Figure 2.3. The low pressure flash lamp pulsing circuit. The blocking 
oscillator is housed in the same shielded housing as the thyratron 
and the low pressure flash lamp.
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triggered flash lamp. As well as using this lamp, attempts have been 
made to develop a high pressure free-running flash lamp and to use a 
nitrogen laser pumped dye laser0
The lower pressure lamp used here is similar to the one 
described by Knight and Selinger [1973]. The EG&G HY2 ceramic hydrogen 
thyratron was initially used to trigger this lamp. It proved to be long 
lived and reliable, but gave limited intensity because it would hold-off 
only 8 kV and sustain a steady arc over 2 mma Flash lamp brightness is 
determined both by the voltage drop across the lamp and by the distance 
between the electrodes. The HY2 was replaced by the larger HY6 which 
would hold-off up to 16 kV and sustain an 8 mm arco This gave a very 
much more intense arc and one much more suited to the tall slits of the 
1 m Spex. Unfortunately the HY6 series proved to be very short lived, 
with the first three averaging only 300 hours operation each before 
internal mechanical failure claimed themu These were replaced by the 
very much larger and more robust English Electric CX1180 two-grid 
ceramic hydrogen thyratron which has a peak anode hold-off of 25 kVQ 
This is mounted in an oil bath directly beneath the flash lamp and is 
held at 55 Co
Both the HY2 and the HY6 were supplied with a positive 300 V 
pulse of about 20 ns rise time and about 50 ns pulse width from a pulse 
generator., This circuit [Ware 1971] employed a blocking oscillator and 
glass hydrogen thyratron0 This circuit worked very well indeed but 
required three extra power supplies. The CX1180 is triggered by the 
blocking oscillator shown in figure 2.3. This is mounted beside the oil 
bath and both are inside the shielded lamp housing to minimise their 
interference with the rest of the apparatus (see plate 1)a
Pl a t e  1. The low pres sur e  lamp housing.
The lamp is mounted in the ce n t e r  with micrometer  adjus tment s .  
I t  i s  connected to the charging r e s i s t o r  on i t s  l e f t  and the 
CXI 180 t hy r a t r on  on i t s  r i g h t .  The t h y r a t r o n  i s  mounted in a 
t he r mos t a t t ed  oi l  bath and i s  pulsed by the r e l a x a t i o n  o s c i l ­
l a t o r  c i r c u i t  at  the lower l e f t  of  the housing.  The lower 
sec t i on  i s  permanent ly covered with a brass  p l a t e  and the 
upper has a removable p e r f o r a t e d  metal cover  t h a t  a c t i v a t e s  
the s a f e t y  c i r c u i t s  a t  the upper r i g h t  hand corner  when i t  is 
c losed.
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Figure 2.4. The switching circuit for the low pressure flash lamps.
This circuit is designed to allow for the use of HY2, HY6 or CX1180 
thyratrons on either Diode, Ware or blocking oscillator pulsers.
It protects each of these thyratrons against use before warm-up is 
complete and also protects the operator against the high voltage.
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To allow all three types of thyratron to be operated without 
the possibility of not having the correct heater power supplies 
operating and to make sure that appropriate warm-up times are given to 
each thyratron the delay and switching circuit in figure 2.4 was built0 
This circuit is also connected to a microswitch on the lamp housing door 
to prevent high voltage operation when the housing is open0 The door 
also has a captive key which can only be removed when the door is 
closedu The Maxwell high voltage supply will not supply any voltage 
unless this key is locked into the supply.
Deuterium (much of it kindly supplied by Dru C„P. Whittle at 
C.S.I.R.Oo) has been used as the lamp filler gas in all experiments^
The continuum from this gas allows selection of the particular 
wavelengths required for single vibronic level excitation. The pulse 
(figure 2 „5) has a half width of just over two nanoseconds and is 
"clean" for over three decades of intensity. This "cleanliness" is 
dependent upon the cleanliness of the electrode environment and so the 
electrodes must be cleaned daily if the best results are to be obtained„ 
Regular replacement of the deuterium helps in maintaining a "clean" 
pulse shape and high intensity, but gradually a tungsten whisker grows 
up from the cathode reducing the electrode space and hence the discharge 
intensityu
Thyratrons become rapidly more expensive as higher hold-off 
voltages are requiredu Thus, the conceptually simpler relaxation 
oscillator type of lamps are used if higher voltages are requiredu Ware 
[1971] discusses some of these,. However, the large over-voltages used 
with thyratrons are not possible with such lamps, and so they must be 
operated at sufficiently high pressures to prevent premature breakdown
10 40 80
Chonntl Number
120
Figure 2.5. The decay curve for the deuterium filled low pressure flash 
lamp. Operating conditions were:
380 torr D2
8 mm electrode gap
10 kV
11 kHz repetition rate.
The time scale is 0.15 ns/channel.
between the electrodes. The difficulties associated with these high 
pressures mean that these lamps need to be several orders of magnitude 
more intense before they are a worthwhile alternative to a low pressure 
lamp.
The high pressure lamp developed is shown in figure 2.6.
1*Oxygen at 20 atmospheres was used as the filling gas and the lamp 
operated at about 30 kV (the precise values of pressure and voltage had 
to be varied to maintain stable pulsing). The repetition rate was about 
30 kHz and the flash half-width about a nanosecond.
1 atmosphere = 1.01325x 105 Pa.
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Maxwell HV Supply 
0 - 8 0  kV
High Pressure Lamp
Figure 2.6. (a) The high pressure lamp.
(b) The high pressure lamp circuit.
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While these figures look promising there are very real
problems associated with the lampu Each lamp took literally hundreds of
hours to make because of the time taken to build the fibreglass outer
shell of the lamp that was needed to withstand the pressure; and lamps
often exploded within the first hour or two of operation. Under such
extreme operating conditions the —" tungsten electrodes were quickly
8
eroded; and that also meant that a new lamp was required as the 
combination of high voltage and pressure made interchangeable electrodes 
impossible. Rapid changes occurred within the lamp; and so the 
pressure and voltage required constant attention if pulsing was to be 
sustained and after about two hours use the lamp had to be taken from 
its cage and cleaned out because of a build-up of oxides from the 
electrodeso Its development has been discontinued.
At the end of this study a Molectron DL200 dye laser pumped by 
a Molectron UV400 nitrogen laser became available,, The high intensity 
(50 kW) and narrow bandpass (0.1 Ä) give this source advantages over the 
low pressure lamp, even though its maximum repetition rate is only 
100 Hz and the pulse half width is 10 ns. The repetition rate could be 
increased by up to a factor of 10 if a nitrogen laser with a 
sufficiently high repetition rate could be built. Experience with the 
pile-up inspector has shown that the maximum count rate is about 20% of 
the repetition rate before rejection of two photon events by the pile-up 
inspector starts to reduce the overall rate of data collection [Harris 
1975]u It is also important to realise that on short TAC ranges the 
pulse pair resolution of the discriminators may become limiting. Thus, 
the laser system can only be competitive with the low pressure triggered 
flash lamp when, with that source, the count rate is below 30 per
30
second, because of a low quantum yield emitter or a very narrow exciting 
bandpass.
The low pressure gas systems studied here are certainly in 
that category. The lifetimes in this study were measured at 1 - 5 
photons per second. In the time available the problems of scattered 
light from a not very well collimated beam and RF pick-up from a poorly 
shielded nitrogen laser were not solved, but it does appear that such a 
laser combination should offer distinct advantages (albeit at a 
considerable cost) over other pulsed light sources for experiments such 
as these.
+2,5 PHOTOMULTIPLIER TUBES
The start pulse is obtained from an RCA 1P28 photomultiplier 
tube operated at -1050 V that observes the low pressure lamp through a 
fibre optic light guide.
The stop pulse is obtained from a Philips 56 DUVP/03 
photomultiplier tube operated at -2400 V with the voltage divider 
circuit shown in figure 2.7. This photomultiplier has a bialkali 
K-Cs-Sb photocathode and has been selected for low background and high 
single photon efficiency. In order to minimise the half-width of the 
output pulse from this circuit, without inducing persistent ringing, 
considerable care must be taken in the construction of this base 
(plate 2).
The 50 Q output cable is shielded to, as close as possible to, 
the anode socket pin. The braid is earthed at the anode pin to a
t See Morton [1968] for a description of the role of the photo­
multiplier in photon counting.
Plate 2. Mechanical construction of the voltage divider  
c i rcu i t  for the Phi l ips 56 DUVP/03 photomult ipl ier tube.
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Figure 2.7. The linear base circuit for the Philips 56 DUVP/03
photomultiplier.
Cx = 1800 pF; C2 = 560 pF; C3 = 180 pF; C4 = 56 pF (low 
inductance);
R = 39 ki<!, 1 W, cracked carbon, low noise;
R = 50 ti, low noise.i-i
floating copper plate to which all other earth connections are madeu 
The braid is then earthed at the other end to the inside of the base 
housing at a good quality crimped BNC connector. Resistors are of the 
cracked carbon, low noise variety. All components and especially those 
connected to the anode and to the last dynode must have a low 
inductanceo Wiring inductance is minimised by using short lead lengthsu 
Adequate electrical insulation between neighbouring components and 
connections is essentiale
The photomultiplier is always kept in the dark and is 
protected against exposure to light by an automatic shutter and by 
interlocks, to the stabilised power supply trip circuit, that will turn 
off the HV if the sample compartment is inadvertently opened while the 
voltage is on. The photocathode is cooled to -5 C by circulating cold 
alcohol (a methanol/ethanol mixture) around the first inch of the
phototubeo Cooling significantly reduces the photomultiplier dark
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current (table 2.1)u The photomultiplier housing is both electrically 
and magnetically shielded. The base circuit is held in a perforated 
metal canister that shields electrically but allows air to be blown over 
the electrical components to keep them cool during operation — a rise in 
the base temperature is accompanied by an increase in the backgrounds 
Both photomultiplier and base housings are housed in a dark dry box to 
guard against condensation and stray light entry through the base. The 
front window of the photomultiplier housing is made of two suprasil I 
discs with an evacuated space in-between0
Table 2.1 56 DUVP/03 Background
Cathode Volts Gain Discriminator Level Temperature Background
-2400 3.108 170 mV 21 C
' 1
200 cts/sec
L_
-5 C 15 cts/sec
2.6 LIFETIME OPTICS
The optical arrangement for these lifetime measurements is 
shown in figure 2„8o Either glass or solution filters were used to 
absorb any scattered exciting light. The spectrometer was used in 
either the second order of a 1200 lines/mm, 5000 X blaze grating or the 
third order of a 1200 lines/mm, 10,000 X blaze grating with linear 
dispersion of about 4.0 X/mm and 2.7 X/mm respectively in the exciting 
region. The wavelength read-out was calibrated against mercury lines
whose positions were taken from Brode [1943].
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Figure 2„8U The lifetime optics*
A is the low pressure flash lamp;
B the fibre optic light guide;
C, D, E and G lenses with focal lengths of 7*5, 36, 30 and 5 cm 
respectively;
F the Wood's horn; and
H is the filter.
2*7 TIME CALIBRATION
Together with a number of previous workers [Halpern and Ware
1970, Knight and Selinger 1973] we have taken the gas, hexafluoracetone
as our lifetime standard. At pressures in excess of 15 torr its 
lifetime is 84 ns and it does not undergo any oxygen quenching* This 
lifetime proved suitable for calibrating all the TAC ranges used in this
study*
2.8 SINGLE VIBRONIC LEVEL SPECTRA
It was the original aim of this project to measure the single 
vibronic level fluorescence spectra of the azabenzenes in addition to 
their lifetimes. The equipment that was built to handle the data from
these experiments is shown in figure 2*9. An Eimac 150 watt xenon
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Figure 2.9. A schematic representation of the single vibronic level 
fluorescence spectrum photon counting apparatus.
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Illuminator was to be used in collaboration with a Spex 1700-III as 
exciting source in the first instance and a Molectron UV400/DL200 
nitrogen laser pumped dye laser afterwards« Year-long delays in having 
the White/Welsh cell built made this aim an impossible dream, it has 
now been completed (plate 3) and will be used in future studies.
The White/Welsh cell is based upon the most recent design of 
Atkinson, Parmenter and Schuyler [1974]. Optics after the design of 
White [1942, 1951] [and White, Alpert and DeBell 1955] as modified by 
Bernstein and Herzberg [1948] are used to obtain a folded multipass 
absorption path that concentrates the excited molecules in a flat volume 
viewed edgewise by the Welsh fluorescence opticsu The Welsh optics 
[Welsh, Cumming and Stansbury 1951; Welsh, Stansbury, Romanko and 
Feldman 1955] consist of four more mirrors, with the same radius of 
curvature as the exciting ones, that collect many cones of radiation 
that would ordinarily be lost and focus these on the gap between two of 
the mirrors. Theoretical emission enhancement over a cell without 
collection mirrors approaches 1/(1-R) where R is the reflectivity of 
the mirrorso
The mirrors all have a radius of curvature of 13 cm and were 
ground from pyrex. They have been coated on the front surface with 
aluminium and this is in turn coated with MgF2 (thanks to Mru C.R.J. 
Lammas). All seven mirrors are attached with Torr seal to backing 
plates which are held by a three-point mounting onto brackets on a 
baseplate. This baseplate may be removed from the cell so that 
alignment can be carried out with a He-Ne laser and diffuse light source 
away from the experiment. The cell is made from aluminium and has been 
plated with gold to reduce its porosity and so reduce its vacuum
Plate 3. The White/Welsh c e l l .
The l i g h t  from a He-Ne l aser  is folded seven 
t imes by the White opt ics before leaving the c e l l .
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"memory". Suprasil I windows are fitted to the body of the cell to 
allow light to enter and leave the cell. There is a large window on the 
top of the cell. All the windows are cemented to the cell with Torr- 
seal. The lid of the cell sits on a double O-ring seat with the space 
between the O-rings evacuated»
The excitation optics are conventional. For fluorescence 
detection we use the optical scheme of Callomon [1956] to match the 
aperture and the slit plane of the spectrometer to the cell parameters 
(figure 2.10) by using equation 2.1:
qt + qg
f (1 + f ) t t t f (1 +f )g g g
lg
2 o 1
where f /f is the magnification factor and is chosen to match the slitt g
between the Welsh mirrors to that of the spectrometer. The values of 
these parameters is given in table 2.20
A,B
ft qt + qg
C,D
Figure 2.10. The fluorescence detection optics. A,B and C,D are the 
pairs of Welsh mirrorsu Lx and L2 are lenses with focal lengths ft 
and fg respectively. S is the spectrometer slit and G is the 
spectrometer grating.
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Table 2.2. The optical parameters of the White/Welsh 
cell and of the detection system.
Radius of Curvature of the Mirrors 13 cm
Dimensions of White Mirrors 2 off 3 cm x 3 cm
1 off 3 cm x 6 cm 
(0.5x 1.5 cm cutouts)
Dimensions of Welsh Mirrors 4 off 3 cm x 3 cm
-P
i—1 13 cm
ft 7.5 cm
fg 36 cm
lg 1000 cm
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CHAPTER 3
THE ANALYSIS OF FLUORESCENCE DECAY DATA
In this chapter the problem of extracting a lifetime from the 
raw experimental data is addressed. From a comparison of various 
fitting techniques, it is concluded that an iterative, non-linear least 
squares technique, using the calculated values of the fitted function 
for weighting factors, will introduce no bias to the fit. Such a 
technique has been developed. Finally, the covariance matrix that has 
been derived for the Method of Maximum Likelihood is used to 
quantitatively describe both the errors associated with any of the 
fitted parameters and to describe the correlation between parameters„
3ol THE LEAST SQUARE ANALYSIS OF DECAY DATA
The analysis problem is as follows: Experimentally we
determine the number of counts z^ in channel i in a time interval 6 at a 
time where i = l/2,3,...,n0 From this data, the constants At X
and B are required such that
-\x.
z± = >1 e 1 +5 3.1
gives a fit to z
In the following it will be assumed that B is measured 
separately and that the problem is to deduce the constants A and X such 
that
-Ax.1y± = A e 3.2
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is the "best fit" to y where
y. = z. - B . 3.3l l
The least squares technique is one of the most widely used 
ways of defining a "best fit". According to the least square criterion, 
the "best fit" is given by minimising Q with respect to A and A where
Q = S i ? .2/ ö .2i ii
3.4
Ri = y. -J. 3.5yi i
0 .i = standard deviation of y „
3.1.1 Calculation of R.l
When an exponential is fitted to the actual numbers y , the 
residual R is explicit and needs no calculation. However the problem 
is non-linear and can only be solved by an iterative procedure. On the 
other hand, if a straight line is fitted to the logarithms of y the 
problem is greatly simplified and the solution can be calculated 
directly.
We then have
u± = log y i
and the constants K and A are required such that
K = X x.l
is the best fit to the various u. {K = In A) „l
But to minimise Q the residuals, R^  must now be calculated in 
terms of the new residuals r. defined byl
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i .e.
Therefore
and
v . u - (K - Xx)i
log y ^ - log y^  
log •
Hence (from equation 3.8)
V ■ »I*"/1‘
_ 2 2 
~  h±
and (from equation 3.9)
R 2 = Y 2 r 2i i i
Ir,
1 + r . +i 12
- V  h2
3.6
3.7
3.8
3.9
3.10
3.11
3.12
3.13
For least square calculations equation 3.11 is almost always 
used since y is known and is not, but equations 3.11 and 3.13 
represent almost equally valid approximations and both are good only if 
the statistical scatter on y. is small compared with y itself, i.e. only 
if y is large.
3.102 Estimate of O.l
Consider first the case for a zero background. For each 
individual channel there is a unique Poisson distribution and the number
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of counts recorded in that channel is a random sample from it. The 
standard deviation of this distribution is the square root of its mean 
and if each channel is considered in isolation the best value for this 
mean is simply the number of counts recorded. Hence the well known 
relation
3.14
However with decay data, the functional relation between the 
number of counts in adjacent channels is well known. Therefore a much 
better estimate of the means of the various Poisson distributions for 
each channel can be found by using the counts recorded in all channels. 
That is, once a fit is obtained, giving values of A and X, then Y ^ 
(equation 3.2) is a much better approximation to the mean of the 
distribution in channel i than Y .. Hencel
G. = /TT 3.151 1
gives a better value for G than equation 3.14.
Of course equation 3.15 cannot be used in a fitting program 
initially because Y is not known, but with an iterative procedure 
equation 3.14 can be used as a first approximation to G. and thereafter 
the values of G^ improved after each iteration by using equation 3.15.
The above assumes that there is no background. If there is, 
it can be measured separately as the mean of many (say m) channels, i.e.
B
1 m£ 2 b.m li=l
and
G = SB//m .D
Now by definition (equation 3.3)
44
and
y ± + B
1 = f z ~
\  1
or, more accurately, by the same argument as led to equation 3.15
0 = JT. ,
z . i
where
But
Y. +B .l
2 2V +0B1
z. + B-i m
3.16
If m is large then
Y. +Bl
i
1 + im;
y. + b
3.17
3.18
However if the approximation represented by equation 3U14 is allowable 
then
° i  = h 3.19
3.1.3 Least Square Procedures
Bearing in mind the choices between making an exponential or a 
straight line fit, between equations 3.11 and 3U13 and between equations 
3.18 and 3.19 it will be seen that there are at least six versions of 
equation 3.4 on which to base a least square computer program. These 
are:
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Standard Weighting Improved Weighting
Exponential
Fits
Straight 
Line Fits
Q = 2
Q = 2
Q = 2
R 2i 3.20 iiOf
R 2i
y L + B Y. + Bl
2 2 
h  L 3.22 Q = 2
2 2 
ri
y ± + B Y. + Bl
Y±2 ri2
3.24 Q = 2
Y.2 r.2l l
h i Y. + BX
3.21
3.23
3.25
Of these six only one equation 3 . 2 2 ,  can be solved directly.
Substituting equation 3.6 into it and setting -yr and to zero gives
A 2
i h +B
- A S
i ^i + B y ± + N
2 2 2
y*
A 2 -i---i -AS
u. x.l l
yi+3 y ± + B y i + B
which, since all the quantities included in the summations are known 
experimentally, can be immediately solved to give A and A. The other 
three straight line versions, equations 3.23, 3.24 and 3.25, cannot be 
solved directly since they all contain Y_^  which can only be known once 
the fit has been made. Therefore they must be solved by iteration, 
using y as a first estimate to and improving the estimate each 
iteration until a final fit is obtained.
The two exponential versions, equations 3.20 and 3021, must be
solved by iteration for another reason. If equations 3.5 and 3.2 are
9 Q 9 Qused to express R and the differentials -yj- and yy set to zero the pair 
of simultaneous equations produced are non-linear and cannot be solved 
directly. However there is a well known technique for dealing with this 
in which estimates of A and A are used to expand Y. in a Taylor series
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keeping only the first order terms, iue.
- X x .
Y. = A e 1
l
-X nx. 3Y. 3Y._ „ 0 1 1 1 7~ ® + IT a + IT 1 '
where a = A - A Q , Z = X - X QI and where a and Z are small. Substituting 
this into equation 3.20 and using equation 3.5 and setting §f and |§ to 
zero gives equations which are directly soluble to give values of a and 
Z which may be used to improve the original estimates A Q and A 0 . The 
procedure is repeated until the increments computed are as close as 
desired to zero.
For equation 3.21, as for equations 3.23, 3.24 and 3.25, the 
y^  must be used as first estimates to the and improved with each 
iteration.
Because equation 3.22 is the only version which may be solved 
directly it has been widely used in the past, even though it uses the 
approximations of equation 3.14 and equation 3.11 to form the weights 
and describe the residuals. However only equation 3.21 is free from 
both these approximations.
3U1„4 Effect of Approximations 
Weighting approximation
Since the weighting factors in a least square fit are given by
when equation 3.14 is used to represent ch , channels with low 
i
numbers of counts will have higher weights associated with them than 
channels with high numbers of counts. Thus the fit that is obtained 
will be depressed with respect to the best fit and the depression will
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be greatest at the low count rate end of the curve where the 
approximation is worst. Hence the calculated lifetimes will be too 
short.
Residual approximation
This can take the two forms represented by equations 3.11 and 
3.13. The first of these
R. 2 = y.2 r.2 (1 - r. + ...)i l l i
%  y  2 T 2i i
neglects a term which emphasises points having a negative r . That is, 
it gives greater than the correct weight to points with positive r , and 
these are the high points. Hence this form of the approximation will 
tend to raise the fitted curve again, particularly at the tail of the 
decay curve where the statistics are worst. Therefore the calculated 
lifetimes will be too long.
Conversely the other form of the approximation
R 2 = Y.2 r.2(l + r. + ...)l l i  l
as r.l
2
neglects a term which emphasises points with positive and will make 
calculated lifetimes too short.
Summary
To find the best least squares fit the expression Q = E
must be minimised. For an exponential fit R^ is accessible directly,
i.e.
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-Xx
y± - A e 3.26
but the fitting procedure is non-linear and an iterative program must be 
used. For a straight line fit to the logarithm of the decay curve, 
there is the choice of two approximations,
or
R r.i
=  y . (u. - K  +  X x . )
l i  i
3.27
R. « y. r.l l i
= + . 3.20
The use of equation 3.27 makes the calculation simple and direct while 
with equation 3.28 an iterative program must be used.
oIn estimating C the use of
3.29
makes a direct calculation possible but it is more accurate to use
2 1 
°i " Y. *l
3.30
Of these possibilities, equations 3.28 and 3.29 will tend to 
give short lifetimes, equation 3.27 will tend to give long lifetimes and 
equations 3.26 and 3.30 have no built-in systematic errors.
In any least square fitting procedure either equations 3.26 
and 3.30 or equation 3.26 or 3.27 or 3.28 and either equation 3.29 or 
3.30 must be selected.
Referring back to section 3.1.3
(1) Equation 3.20 uses equations 3.26 and 3.29 and therefore
should give low lifetimes.
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(2) Equation 3.21 uses equations 3.26 and 3.30 and therefore 
should give correct values.
(3) Equation 3.22 uses equations 3.27 and 3.29 and therefore there 
is some cancellation with indefinite results in the lifetimes.
(4) Equation 3.23 uses equations 3.27 and 3.30 and therefore 
should give high lifetimes.
(5) Equation 3.24 uses equations 3.28 and 3.29 and therefore 
should give low lifetimes.
(6) Equation 3.25 uses equations 3.28 and 3.30 and therefore 
should give low lifetimes.
3.1.5 Equivalence between Equation 3.21 and 
the Maximum Likelihood Method
It is interesting that for a zero background (B  = 0) the 
conditions for the solution of the problem by equation 3.21 are exactly 
equivalent to those for the solution by the Maximum Likelihood Method. 
For non-zero background they are still mathematically equivalent 
provided only that equation 3.18 is used for a_^ 2 rather than equation 
3017. However this proviso does not disturb the essential equivalence 
of the two methods. For a proof of this equivalence with a zero 
background see Robinson [1968] and with a non-zero background see Hinde 
[1975] .
3.1.6 An Evaluation of Least Squares Techniques
The different fitting techniques outlined above have been 
evaluated by Robinson [1968]. He used a computer to generate artificial 
data and had it add Poisson noise to this data. When he analysed this
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data with fitting programs based on equations 3.20 to 3.25 he found the 
type of behaviour predicted in section 3.1.4. In figure 3.1 the results 
of this analysis are shown. Only the program based on equation 3.21 is 
without a bias and even here, with only a small number of channels 
fitted, the results are incorrect. He then went on to examine more 
fully the approaches characterised by equations 3.22 and 3.21. The 3.22 
approach, which fits a straight line to the logarithm of the decay curve 
using the counts per channel in the weighting factor, has been widely 
used in the past because of its ease of application, but it produces a 
result that is wrong by an amount
A = ^  f(n) g(B) , 3.31
where t is the half-life, N is the number of counts in the first 
channel, f(n) is a function of the number of half-lives over which the 
analysis is carried out and g(B) is a function of the background in 
counts per channel. He found empirically that f(n) takes the values in 
table 3.1 and g(B) has the form
g (B) 1 + a1 + 3/B '
where a «  7 and ^ ä  50.
3.32
By putting values into equation 3.31 it can be seen that this 
error becomes significant for data capable of an accuracy about 1% or 
better.
He showed that the approach characterised by equation 3.21, 
which fits an exponential to the untransformed decay curve, and uses an 
iterative procedure so as to use the numbers given by the fit as weights 
(rather than the actual counts) does not introduce any systematic bias 
into the estimates unless fewer than about three half-lives are analysed.
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Figure 3.1. An analysis of different methods of least squares fitting 
[Robinson 1968].
LN corresponds to equation 3.23.
LS II
EN II
NLN II
3.22.
3.21.
3.25.
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Table 3.1. Robinson's [1968] values of f(n) 
determined from artificial data.
-3.06 0.20
-1.09
-0.24
0.43
0.58
0.28
0.28
2.26
3.13
0.26
0.62
4.54 0.62
4.81
3.2 DATA HANDLING
Single photon counting data is read from the memory of the 
multichannel analyser and sent to a teletype which produces both typed 
copy and punched paper tape. The paper tape is read on a PDP 11/45 
minicomputer and the data transferred to file on a Univac 1108 computer. 
Interactive terminals are used to edit the data, for preparing programs 
and for executing thenu
The single photon counting apparatus is set up with the stop 
pulse suitably delayed, so that the time profile of the decay curve is 
recorded in channels 20 - 127. Channels 1-19 then correspond to the 
tail of the previous decay. However, at a lamp repetition rate of about
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10 kHz, this decay started 100 ys before, and so its intensity is 
negligible. Channels 1-19 are then an estimate of the background.
This is subtracted from the data which is plotted on a semi-logarithmic 
scale.
If any read-in errors have occurred it is generally obvious 
and these are edited from the data. When the data is clearly 
exponential, the slope of the straight line plot gives an estimate of 
the lifetime; if it is not, some a priori knowledge of the decay 
process is required before a meaningful analysis can be performed. 
Whatever decay law is selected, the plot is used for calculating initial 
estimates of the parameters.
A numerical method is used to fit a decay to the untransformed 
data. This method uses two algorithms to find the global minimum 
quickly. When the parameters are a long way from the global minimum, 
the program searches for the steepest descent by calculating the second 
derivatives with respect to each parameter in turn. When it gets closer 
and the rate of descent drops, it approximates the surface to quadratics 
in each pair of parameters and looks for a minimum that way. It 
oscillates between these approaches and makes some random jumps so as 
not to be trapped in a local minimum.
The fitting program is used twice. On the first call, its 
input parameters are chosen so as to allow it to find a global minimum 
quickly and it also uses the number of counts in each channel as its 
weighting factor. On the second, the input parameters are chosen to 
allow the program to find the minimum accurately, and this time the 
calculated number of counts in each channel is used as the weighting
factor.
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The weighting factor takes into account the different errors 
associated with different numbers of counts and is also involved in 
making decisions about the functional form of the decay. When it is not 
known which function should be fitted to a set of data (i.e. single or 
double exponential decay or something more complicated), the form with 
the fewest parameters that gives a sufficiently good fit should be 
chosenu The most convenient statistical goodness-of-fit test is the x2~ 
test.
Once the program has found the minimum, we have for one 
exponential
-Xx.
iy.-A e X )
0  =  2  — ------------------
^  Y. +Bl
= x 2 ( n- k ) ,
where there are (n - k) degrees of freedom made up of n channels and k 
parameters.
oThe X -test is applied by saying that there is an a chance
that Q <  x2-i (n -k) and if so Q >  X2i (n - k) , the functional form used 
1 -a 1 -a
in finding Q must be rejected at the ath level of significance. For 
example, for two exponentials and 24 data points. If 
Q >  X2q 9 5 ( 2 4  -4) = 31o410, the fit is unsatisfactory and another 
exponential term must be added to Q. Any ordering of fits by Q below 
the acceptable level does not imply that one is better than any other.
For ease of comparison between fits with different numbers of 
data points or different numbers of parameters, X rather than Q is 
quoted.
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3.3 CALCULATION OF ERRORS AND CORRECTION AFTER FITTING
Once a fit has been obtained, the question arises as to just 
how accurate is this particular estimate of the parameters. The fitting 
techniques described in the previous section lead to the same final 
parameter values even if widely differing initial estimates are used; 
but another experiment and fit would lead to a different set of 
estimates. If many sets of data were fitted, the final estimates would 
all be different, but would be distributed about a mean or expected 
valueo
By using the results of the method of Maximum Likelihood,
Hinde [1975] has shown that the distribution function of the parameters 
can be approximately determined and a confidence region can be obtained. 
Then, if just one fit to a set of data is made, a confidence region can 
be constructed from the particular estimates for that data.
As n-*oo the covariance matrix for the variables 0 is given by
V _1rs
1 3a (i) 3i/(i)
^ 2/(1) 96; 90 3.33
For example, if y d )  is given by
y d )  =  A1 e“l/Ti + Az e"l/T2 3.34
and the partial derivatives of y d )  are
3w (i) i A e"i/T
9Ti T  x 2 ^ 2
9.V (i) 
9ii
_  i A  
r 2 h 2 
L2
-i/ie
9.V (i )
34 x =  e-i/Ti
92/(i) 
94
=  e - i / T 2 . 3.35
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Com bining t h e s e  p a r t i a l  d e r i v a t i v e s  w i th  e q u a t i o n  3 .3 3 ,  th e  c o v a r i a n c e  
m a t r i x  f o r  t h i s  t w o - e x p o n e n t i a l  f i t  i s  g iv e n  by
A i v  i  e l l A iA 2 V  i  e l2 A l y i e l l * 1 V i e l 2
V  '  y W  “  y Ti 2 y V  “ y
Ai 2 v i 2e22 y i e l 2 ^2  v ie2 2
V -  y y
A ^T 2 L 2 y
e l l e l2sym m etr ic 2
y
2
y
2 e22
y
- 2 i A r - i d A r ■f 1/T )
e r r  -  e , e r s  = e b and y E y ( i )
To o b t a i n  t h e  v a r i a n c e s  o f  t h e  p a r a m e te r  e s t i m a t e s ,  t h i s  m ust 
be i n v e r t e d  t o  g iv e  Va
The p r o b a b i l i t y  d e n s i t y  f u n c t i o n  f o r  a  m u l t i v a r i a t e  
d i s t r i b u t i o n  o f  K random v a r i a b l e s  i s  [K e n d a ll  and S t e w a r t  1960]
f ( 0 )  = ------- iTT^-------T7Ö exp [-% (0  -  6) ' V "1 (0 -  0) ] , 3 .37
(2,t) K/2 IV 11 /2
w here \V\ i s  t h e  d e t e r m i n a n t  o f  t h e  K x K  c o v a r i a n c e  m a t r ix  V, and 0 i s  
t h e  mean o f  t h e  v a r i a b l e s  0 .  I t  can  a l s o  be  shown t h a t  t h e  q u a d r a t i c  
form  o f  t h e  e x p o n e n t  i n  e q u a t i o n  3 .37  h a s  a  x 2 d i s t r i b u t i o n  w i t h  K 
d e g r e e s  o f  f re e d o m , i . e .
(£" £)' V_1 ei  = x2(r) • 3^38
Now i f  t h e  r i g h t  hand s i d e  o f  e q u a t i o n  3 .3 8  i s  s e t  e q u a l  t o  a c o n s t a n t ,
c o r r e s p o n d in g  t o  a p a r t i c u l a r  p r o b a b i l i t y ,  ( 1 - a )  t h a t  x 2 (K) i s  l e s s
th a n  o r  e q u a l  t o  ^{K) , e q u a t i o n  3 .3 8  d e s c r i b e s  a lo c u s  o f  t h e
v a r i a b l e s  0 . Along t h i s  l o c u s  t h e  l e f t  hand s id e  h a s  t h e  v a lu e  x 2 ( K) .~  a
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This locus describes an ellipsoid. This ellipsoid encloses a region in 
which there is a (1-a) chance of finding 0.
If one set of data has been fitted, its covariance matrix can 
be calculated, and, by setting a =0.05, say, the region bounded by the 
ellipsoid calculated from equation 3.38 corresponding to the region in 
which there is a 0.95 chance of the true value lying can be found. This 
is a simplification since the estimated parameter values were used for 
generating the confidence region rather than the true values. However, 
where the approximations used in deriving V are valid, the differences 
between these two sets of values are likely to be small. If a number of 
experiments were used to measure the parameters, then the best 
estimates of the true values would be the mean of the various estimates. 
The covariance matrix for this average is just V for a single estimate 
with each element divided by the number of estimates.
The conditions under which the approximations used in deriving 
V are valid can be summarised as;
(1) The errors in the data must be approximately normally 
distributed. For Poisson error this implies, say, 100 or more counts 
per channel.
(2) The least squares estimate must be approximately equivalent to 
the Maximum Likelihood estimate. As in (1), this implies a large number 
of counts.
(3) The number of data points must approach infinity. Experience 
has shown that n >  50 is adequate for a single exponential and
n >  100 - 200 for two exponentials.
j.
For this to describe an ellipsoid, \T 1 must be positive definite 
which means that all its eigenvalues must be positive, and x (K) 
must be non-zero.
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(4) The elements of V should all be comparatively small. The 
square roots of the diagonal elements (the standard deviations of the 
individual parameters) should be less than about 10% of the values of 
the corresponding parameters.
In fluorescent lifetime studies these approximations are normally valid.
The ellipsoidal confidence region described above is not 
unique. There is an infinite number of equally valid confidence regions 
for any given confidence level. However, the ellipsoidal one has 
minimum volume and so is the most efficient one.
The size and orientation of the ellipsoid are obtained from 
the eigenvectors of V . If A is an eigenvalue of V and e is the 
corresponding eigenvector, then one semi-axis is oriented along e and 
its length is (X2  ^a ^ ^  2* Though a two-dimensional ellipse can be 
drawn easily, the ellipsoid of higher dimension that comes with 3 or 
more parameters is not easy to handle. Two approaches have proved 
useful here„
1. Treating the Parameters Separately
Each diagonal element of V , is the variance of the ith
parameter. The confidence region for this parameter is given by
( 0 . - 0 . ) 2 G. ~ 2 <  X2n o c W  = 3.841 3.39l l i 0.95
0.  = 0.  ±1.96 o. ,i i  l
t For the purposes of a plotting program the ellipse is best expressed 
in polar coordinates
V 2 = x V t ^ i i 1 co s ijj + 2 1 / ^  cosip sinij; + V ^ 1 s i n 2ip) ,
w here Q 1 = V  cosiJj, 0 2 = V sinij;. ip can be v a r ie d  from  0 t o  2tt.
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where V . . = 0 . 2 is the variance of 0.. This is interpreted to mean that n  i i
0^ lies between 0. -1.96 and 0_^ + 1.96 with a probability of 0.95.
When this technique is applied to each parameter, the 
confidence region corresponds to a K dimensional box approximately 
surrounding the ellipsoid and some information has been traded for the 
greater ease of handling the region.
This method can be generalised when some of the parameters are 
of greater interest than others. Then the rows and columns 
corresponding to the unwanted parameters may be deleted from the 
covariance matrix and the ellipsoid of fewer dimensions analysed. For 
example, in analysing decay data, the lifetimes are of considerably 
greater interest than either pre-exponential factors or backgrounds.
2. Treating Some Parameters as Functions of Others
The distribution in equation 3.37 can always be written as
f(0) = g (0!) h(02,03 ,...;01) , 3.40
where g(0x) is a probability density function depending on 0X and 
h(02 ,03 , oo.;0j) is the multivariate probability density function for 
02,03,... given 01# g is in fact a normal and h a multivariate normal 
distribution.
g(01) has variance V11 as above, and its confidence interval 
is specified by equation 3.39. Using h(02,0 ,...;0x) the confidence 
region for the remaining parameters can be specified as a function of 01#
To illustrate this, let x and y be binormally distributed with
means zero and covariance matrix
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V K G 1 2
j ~
lG 12 G 2 2
}
J
3.41
its inverse is
r 11
1 [ ° 2 2 ~ G 1 21
2 2 
G 11G 2 2
2öi £ 1 - r x
12 ( G 12 J
where
2 2 2 Ol G2 " ai2 \ v \  •
3.42
The probability density function of x and y is
2..2
f(x,y) 1 f , a,2x2 -2a1,xy + a 1V l-----— exp ; ^ --- A-^ £—  •
2tt I y| ^  l M  J
3.43
Now, by completing the square in the exponent
o02x2 - 2a.0xy + a , = a**2,,2 2V2 _ £ii v2 , (2iL2_ v _1 2 9 x + — ^  x - a, y.^2 t°i 1
hi + °i yy —  , xa i2 J
equation 3.43 becomes
f(x,y) a1/2TT exp
, X2 CJj-Jg ~7^ -'T7n- exPI * Cq2 /27jT
g(x) h(y;x) .
•h
_ _  ,2 o
y - " S T  xl
_ ,?JL2. G-
m
3.44
Method 1 says that the confidence intervals for x and y are
x = ±1.96 a 
y = ±1.96 a .
These are shown in figure 3.2.
The second method says that the confidence interval for x is 
as given by method 1; g(x) in equation 3.44 shows that x is normally 
distributed with mean zero and variance V 11 = 012 (which can also be 
obtained by deleting the second column and row from V in equation 3.41);
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Figure 3.2. Confidence intervals for x and y calculated by treating the 
parameters separately or by treating one as a function of the other. 
Treating them separately leads to the dashed rectangle and treating 
them as being functionally related leads to the ellipse. y(x) is 
the regression line of y upon x and it does not correspond to either 
eigenvector of V.
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y is normally distributed with mean y(x) and variance whose inverse is 
1/^ * = G 12/ ] V\ (from element V~2l, in equation (3.42) —  h(y;x)f the second 
factor in equation 3.44 shows that this is the case and that y(x), the 
mean of y given x is
y (x) 3.45
The confidence interval for y given x then becomes
v 1 2 
V x ± 1.96
M 2^ 3.46
The line given by equation 3.45 is known as the regression line of y 
upon x and is shown in figure 3.2. It does not coincide with any eigen­
vector of V. Only as
G 1G 2
1 does it approach the eigenvector.
The off-diagonal elements of the covariance matrix give 
information about the correlation between one parameter and another. 
Correlation is the tendency for high values of one parameter to be 
associated with high (or low) values of another. But is is more 
informative to use the correlation coefficients, as defined
ij
Zii
(V . . V. .)11 13
2^ *
3.47
These coefficients are more useful than 1/^  ., because they always lie
between -1 and 1.t
If f i s  positive, high values of 0_^ are more likely to occur
with high values of 0. than with low ones. If f.. is zero, there is noD ID
correlation; 0_^  and 0 are independent and the confidence ellipse
between these two parameters has its axes coinciding with the 0_^  and 0
If they did not V would not be positive definite,
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axes. As f..-*±l the ellipse becomes thinner and longer. When f__=±l
the ellipse degenerates into a straight line, functionally relating 0^
to 0 ..D
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CHAPTER 4
SMALL MOLECULE BEHAVIOUR IN THE 
AZABENZENES - PYRIMIDINE
In this chapter the results of a lifetime study of the 1B 1 
state of pyrimidine vapour in the pressure range 9.2- 450 mtorr are 
presented. These lifetimes show an extraordinary pressure dependence3 
with collision cross sections of 30- 40 times hai'd sphere. It is shown 
that pyrimidine behaves as a small-molecule. The collision induced 
decay process is intersystem crossing and it is the most efficient 
collision induced process yet reported for the small-molecule limit.
4.1 PYRIMIDINE
The pyrimidine analogue of the 2400 Ä system of benzene was 
first observed by Heyroth and Loofbourow [1934]0 They reported an 
absorption maximum at about 2430 Ä. in water» über and Winters [1941] 
found a weaker absorption with a maximum at 2850 A that shifted to 
shorter wavelengths as the polarity was increased, suggesting that a 
non-bonding electron from one of the nitrogen atoms was being promoted 
into the TT system.
Über [1941] was the first to study the long wavelength 
absorption in the vapour phase» He measured some 120 sharp bands near 
3200 X and several diffuse ones at shorter wavelengths. The main upper 
state vibrational difference was about 1000 cm-1; a number strikingly 
larger than the differences that dominate the spectra of the other
azabenzenes w
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4.1.1 The Excited States of Pyrimidine
The extensive investigation of the electronic and vibrational 
states of pyrimidine that has been carried out since the earliest 
studies has been reviewed by Innes, Byrne and Ross [1967]. They have 
shown that the theoretical description of the energetics of 7T electron 
promotion is in general quite satisfactory0 The description of n 
electron promotion is considerably less satisfactory, due largely to the 
unknown effects of the charge redistribution that accompanies such 
promotion.
Because there are two filled non-bonding orbitals in a 
diazabenzene, we expect two 7 T n  transitions, one symmetry allowed and 
the other forbiddenu Various molecular orbital calculations have been 
attempted in the hope of deciding where these two nTT states lie. Most 
[Innes, Byrne and Ross 1967] predict that the allowed transition should 
lie to lower energy than the forbidden one. However, it has been 
suggested [El-Sayed and Robinson 1961a,b,c] that the allowed state is 
sufficiently destabilised by correlation effects for the forbidden state 
to lie below the allowed one.
On two occasions this forbidden state has been reported lying 
below the allowed nTT one. El-Sayed and Robinson [1961b] recorded the 
absorption spectrum of pyrimidine in crystalline hydrogen, rare gas 
matrices and in the crystal at 4 K, observing weak bands on the low 
frequency side of the strong allowed TT n singlet transition. They 
assigned these weak bands to the forbidden 7T n transition that had been 
enhanced by crystal perturbations. Li and Lim [1971] observed a weak 
fluorescence from pyrimidine at an energy below the fluorescence origin 
in a 3-methylpentane glass. This structure did not appear in their
excitation spectrum.
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There has been no further evidence for the forbidden state 
lying below the allowed one, and the analysis of the vapour absorption 
[Innes, McSwiney, Simmons and Tilford 1969] shows that all the bands may 
be assigned to a single allowed tt +■ n transition^ Hochstrasser and 
Marzzacco [1972] have searched for the forbidden nTT state in the crystal 
at 4.2 K. Even with crystals several millimetres thick, they were 
unable to find any absorption below the origin that did not split in a 
magnetic field. This is very strong evidence that the allowed state is 
indeed the lowest excited singlet, so we can picture the energy levels 
as they are shown in figure 4.1.
The vibrational assignments of pyrimidine follow the 
conventions of Lord, Marston and Miller [1957] who used Wilson's 
enumeration of the vibrations of benzene with the letters a and b 
distinguishing the components of vibrations that are doubly degenerate 
in benzene.
A vibrational assignment was first proposed by Ito, Shimada, 
Kuraishi and Mizushima [1957] and then slightly modified by Lord,
Marston and Miller [1957] on the basis of liquid IR measurements.
Sbrana, Adembri and Califano [1966] measured the infra-red and Raman 
spectra in the vapour and on this basis changed a number of fundamentals.
The conclusions of a number of earlier papers were summarised 
and some additional UV and Raman results were reported by Innes, 
McSwiney, Simmons and Tilford [1969]. They also showed that each band 
in the nu absorption has the sharp Q-branch edge of a type C band, and 
so, the electronic transition movement lies parallel to the top axis and 
perpendicular to the aromatic ring, i.eQ along the x axis in figure L L  
They also vibrationally assigned the absorption on the basis of the 
ground state frequencies of Sbrana, Adembri and Califano [1966].
40310
31073
Bj 29282
0
Figure 4.1c The energy levels of pyrimidine. The vertical scale
represents the general ordering but not the relative energies of 
these states.
68
Innes, Kalantar, Khan and Durnick [1972] carried out a 
detailed contour analysis of the origin band of the 1B1 state. They had 
hoped to use the molecular parameters from this analysis, to determine 
the geometry of the excited state. However, they found anomalously 
large inertial defects, which cast considerable doubt upon the 
practicability of this aim; at least until the source of these large 
defects is better understood.
Recently, Milani-Nejad and Stidham [1975] have reassigned most 
of the 144 ground state vibrations of pyrimidine and assigned the 
closely related vibrations of the partially deuterated pyrimidines on 
the basis of liquid phase Raman and liquid and vapour phase IR spectra. 
Their results are in general agreement with those of Sbrana, Adembri and 
Califano [1966] but there have been some minor alterations and 
additions.
Very recently, Knight, Lawburgh and Parmenter [1975] have 
reported the results of a study on the single vibronic level 
fluorescence from the 1B1 state of pyrimidine. From this fluorescence 
they have confirmed the major part of the earlier excited state analysis 
[Innes, McSwiney, Simmons and Tilford 1969] but have made some changes 
in the identity of the weaker modes. They have also detailed the very 
considerable anharmonic coupling between vibrational modes in this 
state.
4.1.2 Emission from Pyrimidine
At room temperature in solution, pyrimidine fluoresces [Cohen, 
Baba and Goodman 1965]; at lower temperatures in glasses and mixed 
crystals it also phosphoresces [Shimada 1961; Krishna and Goodman
1962]. Logan and Ross [1968] were the first to detect emission from the
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vapour. With the 3132 and 3028 A mercury lines they excited the 
sequence structure that lies between the strong bands and is clearly 
visible in figure 4.2. Their spectra were complex and showed numerous 
effective origins. By analogy with benzene, they obtained "resonance" 
and equilibrated fluorescence at 12 torr and 12 torr plus 260 torr of 
added isopentane respectively. The observed change in band profile was 
less marked than that exhibited by benzene. Their identification of 
these two spectral types rests largely on the different bands they 
observed under these different conditions. They identified 34 lines and 
assigned them on the basis of the ground state frequencies reported by 
Innes, Byrne and Ross [1967]„ They could not determine whether this 
emission was solely fluorescence, or if there was some phosphorescence 
present also.
Knight, Lawburgh and Parmenter [1975] have reported a more 
extensive study of this emission. They used the single vibronic level 
technique described by Atkinson, Parmenter and Schuyler [1974]. The 
sensitivity of this technique allowed them to use an excitation bandpass
•I*
of 10 - 35 cm , ensuring that virtually all the excited pyrimidine 
molecules were in the same vibronic level. Nowhere in the pressure 
range 0.02-200 torr did they detect any phosphorescence. Because of 
the pressure sensitivity discussed in the following sections, they used 
pressures of 20 - 50 mtorr of pyrimidine when measuring their spectra0 
They were able to generate Franck-Condon factors that matched the 
intensity distribution of the zero point fluorescence, and to use these 
to predict the intensity distributions of fluorescence from other 
levels. Fluorescence from all higher levels deviated markedly from
1 cm 1 E 11.963 J mol 1.
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3300  3 2 0 0  o 3 |00  3000
Figure 4.2. Medium resolution vapour absorption spectrum of the 
1B1 1A1 transition in pyrimidine. A Cary 14H double beam
spectrophotometer fitted with a i m  gas cell was used to record the
Ospectrum. The resolution is 1 A.
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these intensity predictions. These deviations could be successfully 
accounted for by assuming that there is strong anharmonic coupling in 
the excited state„
4.1.3 Quenching of Pyrimidine Fluorescence
Logan and Ross [1968] observed that pyrimidine fluorescence 
was quenched by added isopentane gas. Jones [1973] was the first to 
report the very marked pressure dependence of pyrimidine vapour 
fluorescenceo Using the single vibronic level technique, he observed 
the fluorescence intensity of the origin of 100 mtorr of pyrimidine as a 
function of the pressure of an added gas. He used a large number of 
quenchers and his results are reproduced in table 4.1. He used the hard 
sphere diameters calculated from a Lennard-Jones potential to compare 
the relative efficiencies of the different collision partners, and 
rationalised these different efficiencies in terms of the theory of 
Thayer and Yardley [1972]. This theory was developed to explain the 
collisional quenching of propynal fluorescence as being due to long- 
range instantaneous dipole-dipole interactions and is discussed in 
section 4.3. Jones [1973] achieved as good a correlation using this 
equation and his data as Thayer and Yardley [1972] had for theirs.
Recently Knight and Parmenter [1975] have repeated this study 
and extended it to include the 6a , 16b Q and 12q vibronic levels. Their 
results are shown in table 4.2. Comparison of these two studies shows 
that they found a similar (though not identical) ordering of quencher 
efficiency but that there are large differences between these two sets 
of rate constants. These discrepancies reflect the difficulty of such 
studies and point to the need for independent measurements. There is 
also a need for lifetime measurements to calibrate all of these steady
state experiments.
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Table 4.1. Quenching parameters for the origin of the 1B1 state of 
pyrimidine vapour [Jones 1973]„ 100 mtorr pyrimidine plus
added quencher. k is the rate constant for collision induced 
quenching ^
Quenching
Gas k T x torrq TT02/Ä2a 7T0 2/Ä2b HS/
He lc 44 34.5 48.36
h2 3.72 64 52.75
Ne 1.46 71.6 52.12
Kr 1.30 102 61.86
°2 1.86 109 59.35
2o 42 183 95.77
CC14 2.19 195 97.65
Xe 1.54 145 68.14
CO 2.41 135 63.43
t-C2H2Cl2 2.29 186 78.81
Biacetyl 3.08 244 82.90
c-C2H2C12 3.68 299 78.81
Jones assumed a lifetime of 100 ns for 100 mtorr of pyrimidine. 
Section 4.2 shows that for this pressure the lifetime is 51 ns and so 
these values should be doubled.
The hard sphere cross sections are the average of the Lennard-Jones 
diameters for pyrimidine and its qudnching partner. The Lennard- 
Jones diameters come from Hirschfelder, Curtiss and Bird [1967]«
By using the method of sensitised biacetyl phosphorescence, 
Jones [1973] was able to demonstrate that at least one result of a 
collision between a pyrimidine molecule and a quencher is the production 
of pyrimidine triplets. He was not able to prove that this was the only 
result. Knight and Parmenter [1976a,b] have extended this study and 
shown that intersystem crossing is the dominant collisionally induced 
decay channel for pyrimidine in the vapour phase as the limiting triplet 
yield for excitation of the 1B1 origin is essentially unity. Their 
photoexcitation spectrum for pyrimidine triplet formation essentially
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Table 4.2. Steady state pyrimidine quenching data [Knight and
Parmenter 1975]. 20 mtorr pyrimidine plus added quencher. k
is the rate constant for collision induced quenching.
Quenching
Gas
kqT x torr
Level 0° 6a J 16bg 12 1
£ .,/cm”1 vib 0 613 669 1012
Ne 6.3 5.5 5.2 5.1
He 80 6 8.8 8.9 6.4
CO 9.9 9.0 9.8 6.0
C6H12 11.1 9.7 9.8 7.7
t-C2H2Cl2 12.8 12.1 11.8 7.5
c-C2H2Cl2 38.0 20.9 17.5 15.0
pyrimidine 96
follows the intensity distribution seen in pyrimidine's absorption 
spectrum. This indicates that the S1-*T crossing is also the dominant 
decay channel for other Sj levels, although the triplet yields were less 
than unity (4>t « 0.8).
4.2 LIFETIME STUDIES OF PYRIMIDINE
Lifetime studies complement spectral studies of the kind 
discussed in the previous section. In fact they are essential to such 
studies, as they are the only way in which these can be calibrated.
They can also offer their own set of rate constants to either confirm or 
contradict the conclusions of the steady state experiments. Finally, 
they are the best available way of deciding whether a molecule is 
departing from the statistical limit in the behaviour of its
radiationless decay processes.
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There are a number of experimental points that need particular 
emphasis when considering the results that follow. The first point is 
that the fluorescence to be observed is very weak. Pyrimidine has a 
comparatively high fluorescence quantum yield in the vapour at zero 
pressure 0.3 — Knight and Parmenter 1976b]. However, the very low 
pressures used in this study, combined with the very efficient quenching 
of the fluorescence and the low intensity light source, meant that each 
experiment had to be run for over 24 hours, at a repetition of 11 kHz, 
to count a statistically significant number of single photon events.
Even with the low pressure flash lamp operating at 11 kHz, the count 
rate was usually in the range 1-3 Hz, giving a signal-to-noise ratio of 
only 5-10, even after all the precautions to minimise dark current 
discussed in section 2.5 are taken. These long counting rates pose 
considerable experimental difficulties, in that they require a very high 
degree of power supply voltage stability and analyser memory stability. 
The former has been overcome by using stabilised power supplies driven 
by a stabilised source of mains power and the latter by supplying the 
MCA with doubly stabilised power and by keeping the temperature of the 
memory constant to better than ±0.5 K.
Because of previous cases where an inadequate excitation 
bandpass led to non-exponential decays, considerable effort was taken to 
achieve single-vibronic level excitation. A bandpass of 30 cm 1 was 
used and it was centred to slightly lower energy than the band maximum; 
thus taking advantage of the C type band profiles. As the quantum yield 
decreases with higher vibronic occupancy of the 1B1 state only the first 
two sharp bands in figure 4.2 were accessible. These are the 0° and 6a*
levels.
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Three distinct sets of experiments were performed. These 
correspond to the three methods of measuring pressure outlined in 
section 2.20 The first two proved to be unreliable, in that when the 
same set of decays were remeasured the fitted lifetimes varied by up to 
a factor of two. However, by expanding the saturated vapour pressure of 
pyrimidine at 0 C [Knight 1974] it was possible to considerably reduce 
this variability.
Pressures spanning the range 9.2-450 mtorr were chosen for 
this study. The fluorescence decay from the origin and 6a* vibronic 
level was measured at each of these pressures on up to four different 
occasions. Before each measurement, the Wood's horn was thoroughly 
washed, joined onto the glass manifold of the vacuum line and evacuated 
for twelve hours before it was filled with the desired pressure of 
pyrimidine, sealed and removed from the vacuum line,, Each decay was 
plotted and a single exponential fitted to it by the procedure outlined 
in Chapter 3. Figure 4.3 shows the result of a typical experiment and 
fit. The curve in the log of the fitted single exponential is due to 
the accumulated background. The background can be estimated from the 
number of single photon counts in the first fifteen to twenty channels0 
It is also estimated by the fitting program and if these two estimations 
of the background agree and the X2 °f the fit is acceptable, it is very 
good evidence that the decay is truly single exponential. Those 
experiments that proved satisfactory are tabulated below with the fitted 
parameters (table 4.3)„ Table 4.4 contains the covariance matrices for 
the fits of table 4.3. The element 1,1 of each matrix was used to 
calculate the confidence levels shown in table 4.3.
The covariance matrices in table 4.4 can also be used to
examine the correlation between the various fitted parameters. If the
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40
Charm«! Number
Figure 4*3* The fluorescence decay from the origin of the 1B1 state of 
pyrimidine. The pressure of pyrimidine was 34 mtorr, A single 
exponential has been fitted to the decay* The time scale is 6*1 ns/ 
channel.
correlation coefficients described in section 3*3 are calculated from 
the covariance matrices with equation 3.47
ij
n 33
3.47
they show a high degree of correlation between all three pairs of 
parameters. The pre-exponential and the lifetime have a large negative 
correlation, the pre-exponential and the background a medium positive 
correlation, and there is a range of negative correlations between the 
lifetime and the background. In table 4*5 a sample of correlation 
coefficients is shown. These coefficients have been calculated from the 
covariance matrices asterisked in table 4*5.
The high negative correlation between the lifetime and the 
pre-exponential is expected. It indicates that an increase in the
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Table 4.4a. Covariance matrices for the single exponential fits to the 
fluorescence decay of the origin of the 1B1 state of pyrimidine,.
The matrices are symmetric and only the upper halves have been 
reproduced. Lifetimes are in terms of channels and numbers are in 
scientific notation.
Pressure
mtorr Matrix
450 o76853 - 03 -.73596 + 02 
.74519 + 07
-.14625 - 01 
„12586 + 04 
.21662 + 01
150 .79421 - 02 -.24393 + 02 
.82658 + 05
-.22833 + 00 
„61396 + 03 
.11964 + 02
120 o17062 - 02 -o17442+ 03 
.18509 + 08
-.23798 - 01 
„21731+ 04 
.32031+ 01
* „ 57417 - 01 -.17044 + 02 
.59213 + 04
-.77461+ 00 
.19629 + 03 
„14515 + 02
„ 25480 - 01 -.16606 + 02 
.13011 + 05
-.12268 + 01 
.67886 + 03 
.76254 + 02
.89702 - 02 -.23412 + 02 
.67435 + 05
-.78191 - 01 
.17207 + 03 
„25147 + 01
71 o 41765 - 01 -.85757 + 01 
.17945 + 08
-.54157 + 00 
„85870 + 04 
„11602 + 02
* 59 o 32556 - 02 -„26142 + 02 
„ 23026 + 06
-.81689 - 01 
„55722 + 03 
„73119 + 01
„88478 - 02 -„10059 + 03 
„11995 + 07
-.26286 + 00 
.26500 + 04 
„19885 + 02
„47130 - 02 -„30632 + 02 
„21700 + 06
-.86725 - 01 
„47466 + 03 
„64920 + 02
Table 4.4a (cont'd)
Pressure
mtorr Matrix
34 .12222 - 01 -.17659 + 02 
.29633 + 05
-.59941 + 00 
.72906 + 03 
.45767 + 02
.92149 - 02 -.15590 + 02 
.30461 + 05
-.29279 + 00 
.41426 + 03 
.17533 + 02
.64363 - 02 -.15669 + 02 
.44520 + 05
-.45609 + 00 
.92735 + 03 
.53625 + 02
.64462 - 01 -.20281 + 02 
.74443 + 04
-.78188 + 00 
.20292 + 03 
.15474 + 02
23 .11990 + 00 -.21015 + 02 
.45756 + 04
-.24593 + 01 
.35627 + 03 
.64494 + 02
.15666 + 00 -.21979 + 02 
.38551 + 04
-.27996 + 01 
.32390 + 03 
.63426 + 02
* 16 .10897 + 01 -.29320 + 02 
.14224 + 04
-.21395 + 02 
.44573 + 03 
.45827 + 03
.11419 + 01 -.28151 + 02 
.11674 + 04
-.16432 + 02 
.31487 + 03 
.26234 + 03
9.2 .84972 + 01 .13615 + 01 
.40121+03
-.93084 + 02 
-.14195 + 03 
.10694 + 04
.42656 + 01 -.27840 + 02 
.13435 + 04
-.10806 + 03 
.36431+ 03 
.28593 + 04
See table 4.5 for the correlation coefficients calculated from 
these covariance matrices.
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Table 4.4b„ Covariance matrices for the single exponential fits to the 
fluorescence decay of the 6a* vibronic level of pyrimidine„
Pressure
mtorr Matrix
120 „94125 - 01 -„89974 + 02 
.90874 + 05
-„19405 + 00 
„15628 + 03 
„19216 + 01
71 „90619 - 02 -.10882 + 03 
.13676 + 07
-„68453 - 01 
„71088 + 03 
.35703 + 01
.20010 - 01 -.19600 + 02 
„21446 + 05
-„10168 + 00 
„83671 + 02 
„15799 + 01
„80467 - 02 -„20345 + 02 
„57484 + 05
-.12036 + 00 
.25491+ 03 
.53157 + 01
59 .17610 - 01 -.83374 + 02 
.41649 + 06
-„12059 + 00 
„48524 + 03 
„44529 + 01
34 „15860 + 00 -.47217 + 02 
„15619 + 05
-.85617 + 00 
.20675 + 03 
„10705 + 02
23 „41514 - 01 -„20016 + 02 
„11359 + 05
-„94324 + 00 
„37552 + 03 
„33066 + 02
16 .41638 + 00 -.31364 + 02 
„30757 + 04
-.60956 + 01 
„37168 + 03 
„10970 + 03
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Table 4,5o A comparison of the correlation coefficients 
for three of the fitted pyrimidine decays.
Coefficient3 120 mtorr Pyrimidine
59 mtorr 
Pyrimidine
16 mtorr 
Pyrimidine
f 1 2 -0.92 -0.95 i o • <i it*
f 23 +0.67 +0.43 +0.55
f 1 3
LD000O1 -0.53 -0.96
parameter 1 = lifetime 
parameter 2 = pre-exponential 
parameter 3 E background.
fitted lifetime is usually accompanied by a decrease in the fitted 
pre-exponential. This correlation can be removed by adjusting the time 
origin of the fito The positive correlation between the pre-exponential 
and the background is consistent with the negative exponential- 
background correlation and says that an increase in the 
background is usually accompanied by a decrease in the lifetime and an 
increase in the pre-exponential0 The much greater variability of f 
indicates that the correlation between the lifetime and the background 
is a function of the "steepness" of the decay„ Thus, by choosing 
different TAC ranges the correlation between these parameters can be 
modified.
The same impressions and a rather more detailed appreciation 
of the nature of this correlation can be gained by plotting the 
confidence ellipses for each pair of parameters. In figure 4.4 these 
three ellipses have been plotted for the 16 mtorr decay in table 4.50 
The positive and negative correlations have their major axes with either 
a positive or negative slope. The length of the minor axis gives the 
degree of correlation. In the particular example plotted, there is a
40
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very high correlation between the lifetime and the pre-exponential and 
this is reflected in the very narrow ellipse drawn between this pair of 
parameters.
There are a number of different pathways that could be 
involved in the decay of an isolated 1B 1 pyrimidine molecule. In a 
kinetic treatment these may be represented as follows.
(a) Fluorescence
*P — °P + hv 4.1
(b) Internal Conversion
ip — Op 4.2
(c) Intersystem Crossing
k.i isc 3P ----► JP 4 0 3
(d) Photochemical Reaction
k.l PP ----► Reaction Products 4.4
From table 4.5 it is clear that the lifetime is dependent upon 
pressure and so there must be at least one collisionally induced decay 
pathway, i.e.
•P + P Destruction of XP 4.5
At this stage, making no assumptions about the nature of the process in 
equation 4 05, all these rate processes can be combined by looking at the 
rate change of the population of excited pyrimidine singlets.
d [ P ] (k. + k. + k. + k + k [°P]) [*P] f 1C ISC p c 4.6
and so
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T 1 = (k + k . +k. + k + k [ °P] ) 4.7obs f lc iso p c
and at zero pressure
T~1 = (k + k . + k . + k ) o 4.80 f 1C ISC p
Thus a plot of the reciprocal of the observed lifetime versus pyrimidine 
pressure should yield a straight line with slope equal to the rate 
constant for the collision induced process and intercept equal to the 
sum of the unimolecular rate constants, or in other words, the inverse 
of the collision free lifetime« This Stern-Volmer plot is shown in 
figure 4.5. A straight line has been fitted to these points using a 
least squares procedure and these fitted rate constants are shown in 
table 4o6.
Table 4.6. Least squares estimates of the rate constants for 
single vibronic level decay of pyrimidine vapour.
Level kc x 108x torr x s
Variance of
kc x 108
x torr x s
2  k x i o 5 x s a Variance of 2 k x i o 5 x s T 0 xps 1
0° 1 o 91 0 o 03 6.0 1.7 1.7
6a o 2.56 0.10 9.6 6.3 1.0
a 2 k — k ,. + k . +k. + k .f 1C ISC p
From table 4.6 it is clear that the estimate of the rate 
constant for the collision induced decay is very much better than that 
for the sum of the unimolecular rate constants. This is not unexpected 
because of the greater uncertainties associated with the low pressure 
measurements than are associated with the higher ones. Nevertheless, 
the sum of the unimolecular rate constants is sufficiently accurate to 
show that the lifetime extrapolated to zero pressure is considerably
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longer than the radiative lifetime calculated from the integrated
— 7absorption spectrum [Mason 1959] which is 2 x 10 s.
This measured value of k may be used to calculate thec
observed cross section for the collision by using equation 4.9 [Moore
1963].
kc 4.9
where L is Avogadro's number, TIG2 the cross section, k the Boltzmann 
constant, T the temperature and m the mass of a pyrimidine molecule. 
Multiplying out the constants gives
k = 2.032 xiO21 G2 torr-1 s- 1 , 4U10 c
owhere G has the units of A. This leads to the experimental cross 
sections given in table 4.7.
Table 4.7. Observed cross sections0 for pyrimidine self-quenching.
Level kc x 10 8 x torr x s 9 0 — 9710 x A
0° 1.91 29506aJ 2.56 3960
°  2The hard sphere cross section of pyrimidine is 87.3 A .
4.3 DISCUSSION OF PYRIMIDINE DECAY
Fluorescence lifetime measurements are the best way of 
assigning radiationless decay to either the small-molecule limit, the 
statistical limit, or to some intermediate case. If exponential decay 
is observed, and if the lifetime shortens with increasing pressure, then 
a non-radiative process is occurring in the small-molecule limit.
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The experiments detailed in the previous section show 
conclusively that pyrimidine is behaving in this way. The lifetimes are 
strictly single exponential, as witnessed by the X -test, and the 
pressure dependence of the lifetime is so great that collision cross 
sections of the order of tens of times hard sphere were observed. The 
quenching experiments of Jones [1973] have shown that pyrimidine is 
sensitive to collision with other quenchers also.
This ultimate need for a collision to induce a radiationless 
transition is what is predicted for a small-molecule. The efficiency of 
the effect also appears to be an interesting feature of small-molecule 
behaviour. This has now been observed a number of times, although not 
previously to this extent. In formaldehyde, Yeung and Moore [1973] 
found that self-quenching occurred very strongly with cross sections 
that were up to ten times hard sphere. During an extensive study with 
many collision partners, Beyer and Lineberger [1975] observed an 
anomalously large glyoxal self-quenching efficiency of up to seven times 
hard sphere which they attributed to an additional interaction due to 
hydrogen bonding forces.
It is possible to relate the efficiency of a collision to the 
properties of the collision partners by a number of semi-empirical 
formulas. Rossler [1935] proposed that the interaction would be
proportional to the dipole polarisability, a, of the quenching molecule
I;and to the duration of the collision, i.e. to y where y is the reduced 
mass. Thus, a plot of quenching cross section versus ay should give a 
straight line. More recently Selwyn and Steinfeld [1969] and Thayer and 
Yardley [1972] have proposed that a dispersion force perturbation mixes 
the initial and final states of the system which is considered to 
consist of the excited molecule and the quenching partner. In both
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cases it is assumed that only the electronic ground state of the 
quencher is energetically accessible. A continuum of final states is 
assumed, and the Fermi Golden Rule is used to calculate the transition 
rate. In calculating the cross section from the transition rate, a 
straight line trajectory with impact parameter greater than the mean 
molecular diameter is utilised; collisions with impact parameters 
smaller than this diameter are assumed to quench with an efficiency which 
is independent of collision partner.
Assuming a simple dispersion force interaction, Selwyn and 
Steinfeld [1969] found that the cross section should obey the equation,
Q
A\ih TQaQ 4.11
where A is a constant which depends on the molecule and excited state 
being quenched, p is the reduced mass, and I q  and are the ionisation 
potential and dipole polarisability of the quenching molecule. R is 
the minimum impact parameter, usually taken as the mean molecular 
diameter.
Thayer and Yardley [1972] developed their model to correlate 
their observations for the quenching of propynalu Although propynal has 
the substantial permanent electric dipole moment of 2.46 D, it is 
assumed that instantaneous dipole-dipole interactions are dominant in 
the quenching process. In the initial formulation, it was assumed that 
a spin-allowed transition is involved in the quenching. With these 
assumptions the cross section is represented by
Q A]i
V q '
XE + I Q
2 v „ uVV + V 4.12
where is the permanent electric dipole of the quencher, A and B are
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constants for the particular molecule being quenched, and the other 
notation is as above. Since more recent data suggest that the quenching 
in propynal may be the result of intersystem crossing, this equation has 
been reformulated to allow for the spin-forbidden process [Thayer and 
Yardley 1974]. This simply adds a factor to equation 4.12. This factor 
involves, among other things, the interaction with the intermediate 
state.
Whenever any of these models have been used to correlate 
collision data they have been moderately successful. They always give a 
scatter of points about a line which gives the values for the adjustable 
parameters. Since these models cannot differentiate between different 
types of collisional behaviour there is little point in resorting to 
them. What is needed is an understanding of the effect that a collision 
has upon the pyrimidine molecule in its excited state.
The evidence presented in section 401 shows that the collision 
induced decay proceeds via the triplet state. The first mechanism that 
must be considered is intersystem crossing in pyrimidine aided by the 
spin-orbit coupling introduced by its collision partner. This does not 
seem likely because of the extraordinary efficiency with which 
pyrimidine collisions with other pyrimidine molecules lead to triplet 
formation. It is also significant that the effectiveness of xenon as a 
collision partner is not exceptional when compared to the effectiveness 
of the other partners that have been studied (section 4.1.3). This 
would not be expected if spin-orbit coupling with the collision partner 
were important because !Z\ ., the amplitude of the transition i j, is
given by
r = <i|K|j> , 4.13
where V is the interaction potential [Messiah 1965]. The only part of
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the interaction potential that gives a non-zero coupling is spin-orbit 
coupling, which may be approximated by taking the spin-orbit coupling 
matrix element of each atom and multiplying these components of ^atomic
in ip , together to get the total coupling constant [Ellis, Squiremolecular
and Jaffe 1971]. Since the quenching efficiency of xenon is not unlike 
the efficiencies of the "mattress" molecules, isopentane and dichloro- 
ethelene, this explanation is clearly inadequate as xenon's atomic spin- 
orbit coupling matrix is much larger than theirs.
Even though the work of Jones [1973] and Knight and Parmenter 
[1976b] show conclusively that the triplet state is implicated in the 
collision induced decay process, it is instructive to compare the 
quenching of pyrimidine and other small-molecule gases with that of 
benzene (table 4.8). In benzene the collision induced process is 
vibrational relaxation — a spin allowed process. Unfortunately there 
is a paucity of data to make this comparison. Although 24 collision 
partners have been used in the glyoxal study [Beyer and Lineberger 
1975], 19 in the propynal one [Thayer and Yardley 1972], 12 in the 
pyrimidine one [Jones 1973] and 12 in the benzene study [Logan 1966] 
there are only six quenchers whose efficiency with these gases can be 
compared and even in these six instances direct comparisons cannot be 
made between all of the quenched molecules. The very large errors (for 
example see section 4.1.3) associated with such studies also add to the 
uncertainty. Even after these quibbles have been made there does seem 
to be a strong similarity between these results of quite different decay 
processes. This similarity is further evidence that spin-orbit coupling 
is not involved in the decay process but rather they are all involved in 
level broadening. These rates also serve to demonstrate once again just 
how much more efficient are collisions in initiating intersystem
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2 o 2Table 4.8. Comparison of measured cross sections (TTÖ /A ) for 
collisions with benzene and some small-molecule limit molecules.
Molecule a b d eBenzene Glyoxal Propynal Pyrimidine
He 6.85 4.1° 7.8 34.5
h 2 8.61 6.3 9.8 64
Ar 11.4 11
n 2 11.8 12 22
Kr 13.1 22 102
2 14.1 183
a Logan [1966]
b Beyer and Lineberger [1975]
c Yardley, Halleman and Steinfeld [1971]
d Thayer and Yardley [1972]
e Jones [1973].
crossing in pyrimidine than they are in initiating transitions in 
comparable systems. Clearly only a very small perturbation is needed to 
open this decay pathway.
The decay of the fluorescence from the 1B1 state of pyrimidine 
vapour is strictly exponential at all pressures so far observed. 
Excitation of an isolated pyrimidine molecule leads to emission with a 
high quantum yield. This yield may be as high as one although the only 
measurement so far made suggests that it is about 0.3 [Knight and 
Parmenter 1976b], If this yield is about 0,3 there is a residual 
radiationless process occurring. There is no evidence to suggest that 
photochemistry occurs from the first singlet of pyrimidine and the 
sensitised biacetyl phosphorescence work extrapolates to zero triplet 
formation at zero pressure [Knight and Parmenter 1976b]. It is thus 
likely that any residual radiationless process is internal conversion to
93
the ground state. This internal conversion would be in the statistical 
limit as the energy gap between the origin of the 1B1 state and the 
origin of the ground state is over 31000 cm 1.
If this internal conversion does exist it is an unusual 
occurrence. This is because of the decay channel that becomes 
accessible when the pressure is above about 10~11 torr. This 
collisionally induced process is very efficient and occurs in the small- 
molecule limit. It has been shown to be intersystem crossing. Its 
efficiency is higher than the efficiency of any previously reported 
collision induced process.
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CHAPTER 5
INTERMEDIATE CASE BEHAVIOUR IN THE 
AZABENZENES - PYRAZINE
The xB2u excited, state of pyrazine vapour has been shown to 
undergo inter system crossing as an intermediate case. The evidence for 
this is strong3 but the transition has not been well characterised. An 
attempt to further characterise this transition by measuring 
fluorescence lifetimes of single vibronic levels at different pressures 
is described.
5 o1 PYRAZINE
Pyrazine has been the object of considerable spectroscopic 
study. The early work has been reviewed by Innes, Byrne and Ross [1967] 
and will not be dealt with here. This work has closely paralleled the 
study of pyrimidine (section 4.1).
5.1.1 The Excited States of Pyrazine
I to, Shimada, Kuraishi and Mizishima [1957] attempted the 
first detailed vibronic analysis of pyrazine after observing that its 
near-ultraviolet absorption spectrum consisted of two types of bands: 
some sharp and some broad. They concluded that this spectrum consisted 
of a superposition of two nir transitions (one allowed and the other 
forbidden) belonging to the and *B representation of the D
symmetry group. From a study of the absorption and emission spectra of
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pyrazine in rare-gas matrices at liquid helium temperatures, El-Sayed 
and Robinson [1961b] claimed to have observed the 1B. state below the2g
allowed XB^ one.3u
By an investigation of the rotational structure of the bands
of both systems, Innes, Simmons and Tilford [1963] showed that it is
possible to account for both systems on the basis of a single electronic
transition. The broad system was simply a forbidden part of the
XB„ A, transition which steals intensity from an allowed (tttt)3u lg 2u
transition through vibronic coupling. The isotopic effects, band type 
and corresponding polarisation are all consistent with this assignment. 
No absorption has been found below the origin of the 1b^u state an mixed 
crystals that does not split in a magnetic field [Marzzacco and Zalewski
1972] .
Since that time Hong and Robinson [1974], Suzuka, Mikami and 
Ito [1974], Zalewski, McClure and Narva [1974] and Narva and McClure 
[1975] have examined this state, by looking at and analysing either the 
absorption, fluorescence or phosphorescence of pyrazine in hosts at low 
temperatures or in the vapour. Their work has tended to confirm the 
broad outline of the above while making a number of minor changes to the 
details of the assignments and adding to an understanding of the 
considerable anharmonicity of the excited state.
The position of the elusive second nn state is still not known 
but it probably lies to somewhat higher energy than the allowed XB 
state. Calculation of the energies of these levels has not solved this 
problem, although some of the more recent calculations do suggest that 
the forbidden state lies well above the allowed one. dementi [1967], 
Yonezawa, Kato and Kato [1969] and Hackmeyer and Whitten [1971] have
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c a l c u l a t e d  t h a t  th e  
o n e .
s t a t e  i s  m ore th a n  1 0 ,0 0 0  cm above th e
E a r ly  work [ In n e s ,  Simmons and T i l f o r d  1963] on th e  v ib r o n ic
c o u p l in g  b e tw een  th e  b ro a d  b a n d s  and th e  h ig h e r  a llo w e d  t r a n s i t i o n s
showed t h a t  th e  a c t i v e  f re q u e n c y  was th e  h y d ro g e n -b e n d in g  mode, V5 .
S u b se q u e n t w o rk e rs  have u se d  t h i s  a s s ig n m e n t .  R e c e n tly  T hakur and In n e s
[1974] have  r e a s s ig n e d  t h i s  b o rro w in g  mode t o  a n o th e r  h y d ro g e n -b e n d ,
V , w h ich  i s  n o t  p a r a l l e l  to  th e  l i n e  o f  n i t r o g e n  a to m s, b u t  r a t h e r  
.LUcl
p e r p e n d ic u l a r  to  i t .  They s im u la te d  th e  r o t a t i o n a l  c o n to u r s  o f  th e
s t r o n g e s t  o f  th e  v i b r o n i c a l l y  a llo w e d  b an d s  (383 cm 1 above th e  o r ig i n )
1 5f o r  p y r a z i n e - d 0 , - d 4 and -N , and  from  th e s e  s im u la t io n s ,  d e c id e d  t h a t
t h i s  ban d  b e lo n g s  to  th e  sym m etry s p e c i e s  b and so c o r re s p o n d s  to
10aQ. U sing th e  e x p r e s s io n  o f  H o c h s t r a s s e r  and M arzzacco  [1 9 6 8 ], th e y
showed t h a t  th e  t h r e e  e x c i t e d  s t a t e s :  l ß 2u 7^nT a t  38808 cm "1) ;
(R ydberg a t  55154 cm- 1 ) ;  and 1B„ (TTTT a t  60700 cm- 1 ) a r e  a l l  2u 2u
p o t e n t i a l  l e n d e r s  o f  i n t e n s i t y  to  th e  b ro a d  p a r t  o f  th e  XB^ s t a t e .
E l-S a y e d  and R ob inson  [1961c] have shown t h a t  th e  lo w e s t  
t r i p l e t  was o f  th e  same sym m etry a s  th e  lo w e s t  s i n g l e t .  T h is  a s s ig n m e n t 
o f  B h a s  been  u se d  by s u b s e q u e n t  w o rk e rs . T h ere  i s  v e ry  c o n s id e r a b le  
v i b r o n i c  a c t i v i t y  o b s e rv e d  i n  th e  p h o sp h o re s c e n c e  w hich  h a s  b een  shown 
t o  be e s s e n t i a l l y  th e  same a s  t h a t  se en  in  th e  f lu o r e s c e n c e  sp e c tru m  
[Hong and  R obinson  1 9 7 4 ] .
U sing  th e  te c h n iq u e  o f  m icrow ave in d u c e d  p h o sp h o re sc e n c e  
B u rla n d  and Schm id t [1971] hav e  been  a b le  to  m easu re  th e  r a t e  o f  
p o p u la t io n  and d e p o p u la t io n  o f  th e  t r i p l e t  s u b le v e l s  a t  4 .2  K. T hese 
a g re e  i n  a g e n e r a l  way w i th  th e  p r e d i c t i o n s  o f  E l-S a y e d  [1 9 6 9 ], 
c a l c u l a t e d  on th e  b a s i s  o f  s p i n - o r b i t  c o u p l in g ,  a l th o u g h  th e y  have had 
to  s l i g h t l y  a l t e r  th e  o r d e r in g  o f  th e s e  s u b le v e l s  (se e  f i g u r e  5 .1 ) .
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Figure 5.1. The energy levels of pyrazine [Burland and Schmidt 1971],
The vertical scale represents the general ordering but not the
relative energies of these states. Lines connecting energy levels
indicate radiative transitions and their corresxionding polarisations.
Wavy lines connect some of the spin-orbit coupled states. Dotted
lines indicate radiationless internal conversion and intersystem
crossing processes. The ordering of the sublevels in known only for
the 3B state.3u
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5olo2 Emission from Pyrazine
Pyrazine is the only azabenzene that both fluoresces and 
phosphoresces when in the vapour phase. The fluorescence spectrum of 
pyrazine was studied first in solution by Cohen, Baba and Goodman [1965] 
and then in the vapour by Logan and Ross [1965]. In a later paper,
Logan and Ross [1968] reported that the emission was pressure dependent, 
and that the fluorescence was most intense at a pressure of 7 torr. 
Isopentane quenched both the fluorescence and the phosphorescence, 
without markedly altering the spectrum of either,, The phosphorescence 
was the more sensitive to quenching.
Anderson and Kistiakowsky [1969] found that the relative 
phosphorescence quantum yield after S ^ S q pumping decreased with a 
decrease in the pressure of pyrazine in the range 5-0.5 torr. Nakamura 
[1971] measured the quantum yields for fluorescence and phosphorescence 
in the vapour. At 3 torr he found the ratio of these quantum yields to 
be independent of the exciting wavelength.
Lahmani, Frad and Tramer [1972] used the single photon 
counting technique to study the pressure dependence of the fluorescence 
from pyrazine (in the range 10 - 10 torr), excited to approximately
single vibronic levels. Their excitation bandpasses were between 
50 - 150 cm"1. They showed that the fluorescence quantum yield decreases 
with increasing pressure, is dependent upon the exciting wavelength, 
that the phosphorescence yield is equal to zero at sufficiently low 
pressures, and that it increases asymptotically to its high pressure 
limit.
This preliminary communication was later amplified [Frad, 
Lahmani, Tramer and Trie 1974]. They had analysed the emission from the
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first five vibronic levels (0°, 10a* , 6a*, 10a*6a* and 6a2) in terms of 
the progressions 6a™ and lOaij’öa™. They had also shown, by monitoring 
the fluorescence and phosphorescence intensities as a function of 
pressure, that collisions are necessary to induce phosphorescence.
There was a matching increase in fluorescence yield as the 
phosphorescence decreased, but this pressure sensitive fluorescence does 
not account for all of the fluorescence. The quenching did not follow 
Stern-Volmer kinetics. The higher vibronic levels were shown to be more 
sensitive to collisions than were the lower ones. Finally, some direct 
lifetime measurements were attempted. These showed strong non­
exponential behaviour. They estimated that there was a long component 
with a lifetime of 200 ± 30 ns and a short one with a lifetime of less 
than 2 - 3 ns. In a later report using the synchrotron radiation from 
the Orsay Storage ring [Lopez-Delgado, Trainer and Munro 1974] it was 
suggested that the lifetime of the short component is 0.5±0.2 ns.
These experiments are open to criticism on a number of counts. 
Firstly, the exciting bandpass, although not stated must have been 
sufficiently wide in the spectral studies to excite a number of levels 
because of the significant continuum underlying their spectra. Secondly, 
the signal-to-noise ratio of their equipment was not sufficiently high 
to give reliable band shapes and hence reliable intensities. Thirdly, 
using optical density measurements in a 10 cm cell, while adequate at 
the higher pressures used is not sufficiently accurate at 10-2 torr 
(section 2.2). Fourthly, the lifetime measurements suffer from a very 
small number of photon counts and the uncertainty that follows from that, 
and the channel-by-channel subtraction further reduces the statistical 
significance of these results, so that their 15% error estimation is 
probably generous. Finally they do not disclose just how a decay was
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fitted to the data, and this is particularly critical in cases of non­
exponential decay.
Lahmani, Tramer and Trie [1974] and Delory and Trie [1974] 
have shown that these results can be explained if pyrazine is an 
intermediate case. Their kinetic and quantum mechanical treatments lead 
to similar conclusions although the kinetic does not reproduce some of 
the fine detail of the other. Figure 5« 2 is their summary of this 
analysis«
Figure 5«2. The pyrazine intermediate case singlet decay [Lahmani, 
Tramer and Trie 1974]. In the kinetic scheme, straight lines 
represent fluorescence (kF) or infra-red emission (kL) and wavy 
lines are radiationless processes. The quantum mechanical scheme 
shows the zero-order states and their linewidths and coupling 
constants«
The triplet quantum yields have been measured by Jones and 
Brewer [1972] by the sensitised biacetyl phosphorescence and by the 
cis-butene isomerisation methods. Under conditions of maximum yield 
both methods give yields of unity for the lowest energy Sx excitation 
used (0°+ 1500 cm-1) and a decreased yield at higher energies and at 
lower pressures. The results of an opto-acoustic study [Kaya, 
Chatelain, Robin and Kuebler 1975] are similar. Knight and Parmenter 
[1976b] have shown that the relative triplet quantum yield rises
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asymptotically to one as the pressure of a quencher is increased. They 
also showed that the absolute quantum yield also increases to one.
5.2 LIFETIME STUDIES OF PYRAZINE
Lifetime studies are useful for characterising radiationless 
processes. Since pyrazine's intersystem crossing is an intermediate 
case, pressure sensitive non-exponential decay is expected. Frad, 
Lahmani, Tramer and Trie [1974] have demonstrated such a decay.
However, there have been a number of reports of non-exponential decay 
that proved to be due to too large an exciting bandpass and so these 
pyrazine single vibronic level lifetimes should be measured again with 
as narrow a bandpass as possible0
Pyrazine lifetime measurements pose the same experimental 
problems as do pyrimidine lifetime measurements but with two additional 
problems. The first of these is that pyrazine has a low fluorescence 
quantum yield in the vapour. This yield has been reported to be 3 x 10 3 
[Frad, Lahmani, Tramer and Trie 1974] which is three orders of magnitude 
smaller than the pyrimidine yield. Thus it will never be possible to 
measure the pyrazine single vibronic level lifetimes as accurately as 
the pyrimidine ones can be measured.
The other additional problem is the non-exponential decay.
The short component of the pyrazine decay is of the order of half a 
nanosecond [Lopez-Delgado, Tramer and Munro 1974]0 A method of 
convoluting and fitting is needed to measure such a short lifetime 
[Knight and Selinger 1971]. Now, while this is possible and has been 
used successfully in cases of strong emission, it is incorrect to use 
this technique in the case of a very weak emission because of the effect
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of scattered light. With a fluorescence as weak as the quenched 
fluorescence of pyrazine, there is always some scattered exciting light. 
An isoquinoline filter was used to minimise this scattered exciting 
light in these experiments, but there remained some scattered exciting 
photons that were detected by the photomultiplier. There is no way in 
which the contribution of the exciting light to the decay can be 
estimated since this contribution is very similar to the exciting flash 
distorted by a half nanosecondu Any attempt at convolution would lead 
to large and unknown errors.
In order to analyse this data the assumption has been made 
that, while the scattered exciting light has swamped the short component 
of the decay, it has decayed to such an extent that it is insignificant 
on the time scale of the long component. This has allowed the following 
rather naive fitting approach to be taken. The experimental data has 
been fitted by a two-exponential decay. The short exponential then 
represents the combination of the distorted short component and the 
scattered exciting light and the long exponential represents the long 
componento This does not fit the data quite as well as a convoluted 
two-exponential fit but it requires fewer parameters and the X2 are 
reasonable. The absorption spectrum of pyrazine is shown in figure 5.3. 
Lifetimes of the levels 0°, 10a*, 6a*, 10a*6a* and 6a^ as well as the 
unassigned level 0° + 832 cm 1 were measured at four pressures., An 
excitation bandpass of 50 cm 1 was used for all these levels. In 
addition the level 0° + 832 cm 1 coincides with the weak air line at
O3159 A. The output from the low pressure air-filled flash lamp using 
this weak line is approximately two orders of magnitude more intense 
than when the output comes from the deuterium continuum, and so here the 
exciting bandpass could be reduced to 10 cm-1. This decay is shown in
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Figure 5.30 Medium resolution vapour absorption spectrum of the
lB3 u ^ lAlg transition in pyrazine. A Cary 14H double beam spectro- 
photomultiplier fitted with a i m  gas cell was used to record the 
spectrum. The resolution is 1 Ä.
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figure 5.4. The decay maintained its non-exponentiality and the fitted 
long component lifetimes are identical to within the experimental 
fitting error for both bandpasses0
Channel Number
Figure 5.4. The fluorescence decay of the pyrazine level, 0° + 823 cm 1. 
The pressure was 300 mtorr. The straight lines are the two fitted 
components and their sum is the curved line. The time scale is 
1.53 ns/channel.
The long component lifetimes fitted to the decay of the 
pyrazine fluorescence are given in table 5.1. The errors given in this 
table were calculated from the element 1,1 in the corresponding 
covariance matrix from table 5.2. These errors can be very large, 
particularly where the lifetime is comparatively short and so is highly 
correlated with the short component.
t
By using the covariance matrices in the same way as they were 
used in section 4.2 for pyrimidine the correlations between the fitted 
parameters can be estimated. There are the very high correlations that
are expected for two-exponential fitting.
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Table 5.1. Long component lifetimes of the fluorescence from single 
vibronic levels of the ^  state °f pyrazine vapour.
Single
Vibronic
Level
Pressurea/mtorr
30 60 130 300
T/ns x2 T/ns x2 T/ns x2 T/ns x2
0° 160 ± 4 .92 45 ± 2 2.8 36 ± 9 1.1
10aJ 42 1.0 30 ± 30 1.2 130 ± 4 5.7
41 2.3 46 ± 15 1.5
0° + 823 68 ± 4 1.7 66 ± 3 3.4 69 ± 16 1.9
lOaJßaJ 50 ± 4 1 o 2 55 ± 4 1.7 90 2.7 91 ± 5 2.3
6a20 72 ± 3 2.7 81 ± 6
o
3
CM 110 1.7 120 ± 5 3.5
These pressures were measured with a Varian/NRC Alphatron gauge and 
so there is considerable uncertainty associated with them.
From these results it is clear that the decay of the 3u
state of pyrazine is non-exponential. However, these results fail to 
clearly demonstrate a collisional dependence. The long component 
fluorescence is too weak to allow an accurate lifetime to be extracted. 
It is hard to know if the variation exhibited in the lifetimes of table 
5.1 is real. It appears that steady state studies will be required to 
decide if such a variation is real and also to demonstrate a collisional
dependence.
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Table 5.2. Covariance matrices for the two-exponential fits to the 
fluorescence decay of single vibronic levels of the 1B3u state of 
pyrazine vapouru The matrices are symmetric and only the upper 
halves have been reproduced. Lifetimes are in terms of channels and 
numbers are in scientific notation.
_ SinglePressure-------- Vibronicmtorr Level
Matrix
30 lOaJ .42148 + 00 .49578 - 01 -.27986 + 02 -.25474 + 02
o12712 - 01 -.40937 + 01 -.14531 + 02
.20966 + 04 .25094 + 04 
.27468 + 05
0° + 823 .55614 + 00 .11749 - 01 -.93534 + 01 -017705+ 02
.97038 - 03 -.25425 + 00 -.30975 + 01
.18633 + 03 .41384 + 03 
.16566 + 05
lOaJeaJ .44354 + 00 o14578 - 01 -.26248 + 02 -.11020 + 02
.13222 - 02 -.11312 + 01 -.39874 + 01
.18285 + 04 .12043 + 04 
.26076 + 05
6a 2 o .26932 + 00 .71038 - 02 -.91448 + 01 -.11488 + 02.75663 - 03 -.33014 + 00 -.30666 + 01
.38361 + 03 .60832 + 03 
.22152 + 05
60 10aq .25075 + 02 .97807 + 00 -.37454 + 03 .33780 + 03
.61437 - 01 -.17384 + 02 .13158 + 02
.61471 + 04 -.54150 + 04
.57715 + 04
0° + 823 .17438 + 00 o14570 - 02 -.56742 + 01 -.12043 + 03
.10345 - 03 -.69899 - 01 -.11312 + 02
.24555 + 03 .58826 + 04 
.14371 + 07
l°aj6aj .42641 + 00 .60377 - 02 -.13351 + 02 -.41382 + 03
.43421 - 03 -.26394 + 00 -.37109 + 02
.51780 + 03 .18440 + 05 
.34459 + 07
6a20 .94983 + 00 .65874 - 02 -.12336 + 02 -.14629 + 03.30244 - 03 -o12486 + 00 -.94665 + 01
.21021 + 03 .28479 + 04 
.35614 + 06
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Table 5.2 (cont'd)
Pressure . ^ .-- ------ Vibronicmtorr Level
Matrix
130 0° .78101 - 01 o13667 - 02 -0 32362 + 01 .51402 + 01
.21220 - 03 -.90719 - 01 .53957 + 00
.20531+ 03 -.33555 + 03
.20336 + 04
6aJ .13335 + 00 .98391 - 03 -.39435 + 01 .28092 + 01.84428 - 04 -o47334 - 01 r . 28828 + 00
.17813 + 03 -.12160 + 03
.10502 + 05
300 0° .21180 + 01 .42187 - 01 -.21535 + 02 -.47828 + 03
.29623 - 02 -.55763 + 00 -.41960 + 02
.25321 + 03 .64766 + 04 
.64721+ 06
10aJ .34293 + 00 .25360 - 02 -.47923 + 01 -.22081+ 03
o 20608 - 03 -.50531 - 01 -0 22430 + 02 '
.89135 + 02 .44348 + 04 
o 26954 + 07
6aS .62751+ 01 .40295 - 01 -.50923 + 02 -.13321+ 04O96540 - 03 -.42719+ 00 -.39579 + 02
.48088 + 03 .14430 + 05 
.17647 + 07
0° + 823 .69964 + 01 0 37051 - 01 -.14254 + 02 -.12494 + 02
094638 -  03 -o95618 - 01 -o10844+ 01
.33955 + 02 .37015 + 02 
.31290 + 04
10a16a1 0 0 .78063 + 00 .36807 -  02 -.79450 + 01 -.26433 + 03u13904 -  03 -.49949 -  01 -.12672 +  02
.98680 +  02 .36318 + 04 
.13254 +  076a5 .65325 + 00 .26398 -  02 -.55166 + 01 -.24135 + 03.12299 -  03 -.31427 -  01 -.14104 + 02
.60606 + 02 .29003 + 04 
.18361+ 07
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CHAPTER 6
RADIATIONLESS TRANSITIONS IN 
THE OTHER AZABENZENES
The quenching data for the remaining azabenzenes is less 
easily interpreted. Pyridine does not emitbut triplet formation has 
been observed to follow singlet excitation. Pyridazine and s-tetrazine 
undergo photodissociation. s-Triazine may be involved in a small- 
molecule intersystem crossing. What is known about these molecules is 
discussed and then the first observation if s-triazine fluorescence is 
described.
6.1 PYRIDINE
Pyridine has been observed to neither fluoresce nor 
phosphoresce. Logan and Ross [1968] and Knight and Parmenter [1976b] 
have both searched carefully for emissions. Knight and Parmenter 
[1976b] estimate an upper limit for the fluorescence quantum yield of 
5 x io~5 while the calculated radiative lifetime is 4*10”7 s [Mason 
1959]. Lamaire [1967] found that triplets were formed after Sx levels 
with 1200 cm 1 of vibrational energy were pumped. This has been 
recently confirmed by an opto-acoustic study of pyridine-biacetyl 
mixtures [Kaya, Chatelain, Robin and Kuebler 1975] which also showed 
that triplets are only formed after excitation of the nu system, not the 
7T7T ones. Knight and Parmenter [1976b] have found a maximum triplet 
yield for the origin of the 1B1 state of 0.5. This triplet formation 
may be collision-induced but this is not yet proved and there must be at
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least one other non-radiative channel which might be the photo­
decomposition discussed by Logan and Ross [1968]. Knight and Parmenter 
[1976b] have measured the photoexcitation spectrum of a biacetyl- 
cyclohexane-pyridine mixture. This closely follows the 1B} +- *A (nTT) 
absorption spectrum. At higher energies the yield drops to less than 5% 
of its maximum value despite the much stronger absorption coefficient of 
the 7TTT absorption. The photoexcitation spectrum still follows the 
absorption spectrum, at least qualitatively.
With so little direct evidence it is hard to decide what sort 
of radiationless decay is occurring in the pyridine molecule. It is 
perhaps significant that pyridine is the only azabenzene that has a 
lowest TT7T triplet state [Japar and Ramsay 1973] . It is thus expected 
that intersystem crossing would be more efficient in this case than the 
nTT to nTT cases of the other azabenzenesu The gap between the origins of 
the singlet and triplet states is also relatively large in pyridine and 
pyridine has a larger number of vibrational degrees of freedom than any 
of the other azabenzene. Thus it is not unreasonable to suggest that 
pyridine could be undergoing a statistical limit intersystem crossing.
6.2 PYRIDAZINE
The lowest excited singlet state of pyridazine has been
assigned and the rotational contours of the singlet and triplet origins 
1 * 3 3( Bx and either A2 or B} symmetries) analysed [Innes, Tincher and 
Pearson 1970].
Jordan and Parmenter [1972] observed vapour fluorescence by 
pumping the origin and a level 373 cm-1 higher in energy. In neither 
case did they achieve single vibronic level excitation, but their
spectra show the comparatively simple structure of single vibronic level
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fluorescence. They partially analysed this fluorescence in terms of the
ground state frequencies of Stidham and Tucci [1967]. Knight and
Parmenter [1976b] have shown that pyridazine is almost insensitive to
collisions. They found k T„__ = 5 x 10 3 torr 1 s 1. Such a lowc 200 mtorr
value may be due to either inefficient quenching or to a very short 
lifetime. The radiative lifetime is 3.5 x 10 7 s [Mason 1959] which 
together with Knight and Parmenter's [1976b] quantum yield of 1 x 10 3 
suggests a lifetime of 350 ps. From their quenching data, Knight and 
Parmenter [1976b] suggest that the lifetime would be about 250 ps if the 
quenching cross section is similar to that of pyrimidine. In this case 
the short lifetime would make collisional deactivation uncompetitive 
with fluorescence and with the efficient dissociation to vinyl acetylene 
and nitrogen that occurs with a yield of about 0.1 [Fraser, Low and Weir 
1975].
Triplet formation after singlet pumping has not been observed
[Kaya, Chatelain, Robin and Kuebler 1975; Knight and Parmenter 1976b].
An attempt was made to measure the lifetime of pyridazine 
fluorescence. However, the weak emission could not be differentiated 
from the flash lamp exciting pulse.
Thus the decay of the 1B1 state of pyridazine vapour appears 
to involve two processes. These are an internal conversion to the 
ground state accompanied by a photodissociation. The density of ground
state levels is high and so the internal conversion should be in the
statistical limit. It is likely that the photochemical reaction is also 
in the statistical limit. The minor collision induced process that 
Knight and Parmeter [1976b] have observed is probably intersystem 
crossing which is likely to be an intermediate case as the energy gap 
and vibrational complexity of pyridazine and pyrazine are similaru
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6.3 s-TETRAZINE
Although not a great deal was known about the excited states 
of s-tetrazine when Innes, Byrne and Ross [1967] reviewed the 
azabenzenes, it has been the object of more attention since then than 
any of the other azabenzenes, with the possible exception of pyrazine. 
Merer and Innes [1968] and Brown [1969] showed that the lowest excited 
singlet state has ]B^ symmetry. However the rotational behaviour of 
this state is unusual. Innes, Kalantar, Khan and Durnick [1972] found 
an anomalously large inertial defect when they tried to extract accurate 
excited state geometries from simulations of the rotational contours of 
the 1B^u origin. They suspect that another state is close enough to 
this state to be perturbing this one through rotational mixing.
Livak and Innes [1972] reported an observation at 13608 cm 1 
of what is presumably the lowest triplet state of s-tetrazine in the 
vapour phase. On the basis of vibronic features similar to those of the 
1B^^ singlet state they assigned this state as also being of B spatial 
symmetry. McDonald and Brus [1973] observed s-tetrazine phosphorescence 
for the first time in the vapour from the 6aQ and 6aQ levels. This 
phosphorescence had a lifetime of 72 ± 2 ys which was independent of 
s-tetrazine pressure up to 0.68 torr and oxygen and nitrogen pressure up 
to 109 and 226 torr respectively. Hochstrasser and King [1974] observed 
the phosphorescence from s-tetrazine in other azabenzene hosts at 4.2 
and 1.8 K. The phosphorescence is dominated by a progression of 
vibrations. The phosphorescence lifetime of neat s-tetrazine is 
96.8 ±2.1 ys.
Vemulapalli and Cassen [1972] observed vapour fluorescence 
from the origin and three nearby sequence bands. They found a marked 
variation of quantum yield within the rotational envelope of the origin.
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Both 3-methylpentane and argon quenched the fluorescence: neither
efficiently. They interpreted the low fluorescence quantum yield as 
being due to inefficient intersystem crossing.
McDonand and Brus [1973] found an upper limit of 100 ns for 
the fluorescence lifetime from the origin and three sequence bands of 
s-tetrazine in the vapour. They looked for a long component but could 
not find one in the pressure range 1 - 680 torr. The sensitivity of 
their equipment was such that they would have detected such a component 
with 1% of the intensity of the short one. The addition of argon, at up 
to 120 torr, also failed to induce such a decay. Intersystem crossing 
was not found at low pressures, nor was it induced by collisions with 
s-tetrazine, argon or nitrogen. They suggested that the singlet decays
via a unimolecular internal conversion to the 1A ground state.9
Meyling, van der Werf and Wiersma [1974] studied s-tetrazine
fluorescence in both a benzene host at 1.8 K and the vapour. The
absorption and fluorescence spectra are both dominated by the ring
bending vibration, V. . Using a tunable dye laser, they found a marked6a
variation in the quantum yields of different levels but could observe no 
difference between the quantum yields of the P, Q and R branches of the 
origin. From the quantum yield they calculated a lifetime of 
1.5±0.2 ns. They measured the photodissociation quantum yield of 
s-tetrazine and found it to be 1.3 ±0.3.
There is very good evidence that singlet decay from 
s-tetrazine vapour does not proceed via the triplet. McDonald and Brus 
[1973] observed strong phosphorescence after direct triplet excitation, 
but not after singlet excitation. Similar observations have been made 
in the solid [Hochstrasser and King 1974]. Photochemical dissociation 
appears to be the dominant decay pathway. It is observed with near unit
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quantum yield both in the vapour [Meyling, van der Werf and Wiersma 
1974] and in the crystal [Hochstrasser and King 1975], with N2 and HCN 
being the products of crystal dissociation. This would account for the 
short singlet lifetime which is presumably too short to allow the 
collisional process to compete.
The photochemical dissociation of s-tetrazine accounts for the 
decay of virtually all molecules. It probably occurs in the
statistical limit. This reaction is very similar to the photo­
dissociation that pyridazine undergoes.
6.4 s-TRIAZINE
Considerably less is known about the behaviour of s-triazine 
than is known about the behaviour of most of the other azabenzenes. The 
lowest excited singlet state in the crystal [Hochstrasser, Lin and 
Zelwail 1972] and in the vapour [Fischer and Small 1972] has iE11 
symmetry. There is considerable vibronic coupling between this singlet 
and the other nTT states nearby. Fischer and Small [1972] have partially 
analysed the absorption.
Udagawa, Ito and Nagakura [1971] analysed the rotational 
structure of the vapour absorption of s-triazine and from this 
determined an excited state geometry.
Wiersma [1972], Bernstein and Smalley [1973] and Aartsma and 
Wiersma [1973] have shown, using EPR and the absorption of various 
isotopically substituted s-triazines, that the lowest triplet state also 
has E11 symmetry.
Phosphorescence has been reported from the lowest s-triazine
triplet in an EPA glass at 77 K [Paris, Hirt and Schmitt 1954] but could
114
not be found subsequently [Hochstrasser 1972]. Hochstrasser, Lin and 
Zelwail [1972] suggested that s-triazine should have such a long 
spontaneous lifetime (> 3 x 10 s) that effective radiationless 
transitions should deactivate an excited singlet via the triplet state. 
They also suggested that under collision free conditions internal 
conversion should become more important. The observations in section
6.5 are the first observations of fluorescence from s-triazine in any
medium. There has been a subsequent report of fluorescence from this 
level [Knight and Parmenter 1976b]. Using single vibronic level 
techniques they have observed fluorescence from the level 0° + 677 cm 1 
with a quantum yield of 7 ± 3 x 10 . Quenching of the fluorescence from
this level occurred readily with Stern-Volmer kinetics and large cross 
sections. They predict that this fluorescence should decay 
exponentially.
Knight and Parmenter [1976b] could not detect any 
phosphorescence, even with up to 100 torr of cyclohexane present. Using 
the sensitised biacetyl phosphorescence technique, they found a maximum 
triplet yield of about 0U6. They found evidence for another 
collisionally induced decay channel but have no evidence for its nature.
6.5 LIFETIME STUDIES OF S-TRIAZINE
s-Triazine and pyrazine have similar quantum yields and so the 
problems associated with measuring their fluorescence lifetimes are 
similar. It also appears that the s-triazine decay is non-exponentialo 
Thus the discussion of the lifetime measurements in section 5.2 applies 
here also.
The three assigned vibronic levels, 6*12*, 8* and 6a*8^ and 
the unassigned one at 0° +2621 cm-1 (see figure 6.1) were excited with a
115
3200 3000
Figure 6.1. Medium resolution vapour absorption spectrum of the
1E11't-1A1 transition in s-triazine. A Cary 14H double beam spectro­
photometer fitted with a i m  gas cell was used to record this 
spectrum. The resolution is 1 Ä.
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bandpass of 50 cm-1. As can be seen from the example in figure 6.2 the 
decays were strongly non-exponential. However, the short component is 
much longer than the short component observed in the decay of pyrazine 
and it also contributes far fewer counts to the total decay. For the 
same reasons that a long component was the only one quoted for pyrazine, 
only the long components of the decays from these single vibronic levels 
are presented in table 6.1 together with the errors calculated from the 
covariance matrices of table 602.
40
Chann#l Number
Figure 6.2. The fluorescence decay of the s-triazine level, 6*8*. The 
straight lines are the two fitted components and their sum is the 
curved line0 The time scale is 1.53 ns/channel.
Once again the covariance matrices show that there are high 
correlations between the various fitted parameters. The matrices also 
allow the variances of each parameter to be estimated. For s-triazine 
these are quite small; they are much smaller than the corresponding 
errors for pyrazineu These small variances reflect the fact that a 
large proportion of the counts are due to the long component„
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Table 6.1. Long component lifetimes of the fluorescence from single 
vibronic levels of the 1E11 state of s-triazine vapour 
(pressure ~ 1 torra).
Single
Vibronic
Level
T/ns 95% Confidence Limits/ns x 2
0° + 2621 cm-1 76 ±10 0.89
6 S1 2 J 50 ± 2 1.1
8j 58 ± 0.9 1.8
6al‘8J 63
rHo+i 1.5
Pressures were measured with a Varian/NRC Alphatron and so are 
subject to considerable uncertainty.
Table 6.2. Covariance matrices for the two exponential fits to the 
fluorescence decay of single vibronic levels of the 1E11 state of 
s-triazine vapour. The matrices are symmetric and only the upper
halves have 
and numbers
been reproduced. Lifetimes 
are in scientific notation.
are in terms of channels
Single
Vibronic
Level
Matrix
0° + 2621 „ -1 cm .24946 + 02 .14848 + 01 
.15112 + 00
-.98350 + 02 
-.67085 + 01 
.41697 + 03
.28336 + 02 
-.35075 + 01 
-.86770 + 02 
.86761 + 03
6ah2J .10939 + 01 .17711 + 00 .89387 - 01 -.21092 + 02 -.45047 + 01 
.48341 + 03
-.26944 + 03 
-.17546 + 03 
„ .70543 + 04 
.37347 + 06
8a10 .22864 + 00 .17292 - 01 .33638 - 02
-.12602 + 02 
-.11746 + 01 
.79108 + 03
-.84697 + 01 
-.48823 + 01 
.68754 + 03 
.14032 + 05
6a181 1 0 .33376 - 02 .31693 - 01 .77232 + 00
-.39222 + 01 
-.13890 + 02 
.89742 + 04
-.83453 + 00 
-.16732 + 02 
.42503 + 03 
.40734 + 03
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The non-exponential decay appears to be well established. It 
is possible that the 50 cm-1 bandpass is too large and that a narrowing 
of bandpass would be accompanied by the appearance of an exponential 
decay. However, this is unlikely, since s-triazine has the least 
congested absorption spectrum of any of the azabenzenes studied here.
It is likely that there are two decay processes affecting the s-triazine 
fluorescence. One of these is the small-molecule intersystem crossing 
seen by Knight and Parmenter [1976b], which should be very similar to 
the pyrimidine decay and the other might be a statistical limit internal 
conversion to the ground state. The variation of lifetime with 
vibrational mode is encouraging, but considerably more data is required 
before it can be interpretedo
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CHAPTER 7 
CONCLUSION
When the lifetime studies reported in this thesis are combined 
with the steady state measurements of other workers, a fairly clear 
picture emerges of the way in which azabenzene fluorescence decays.
This fluorescence is weak and, in most cases, has proved to be very 
sensitive to collisional quenching.
Pyridine is the least typical member of this group of atypical 
molecules. It is the only azabenzene to have a lowest TTTT state. It is 
the only azabenzene not to emit with sufficient intensity to be 
observed under any conditions. With its high degree of vibrational 
complexity and relatively large singlet-triplet energy gap (% 3070cm x), 
it is probable that the observed pyridine intersystem crossing occurs in 
the statistical limit0 Internal conversion to the ground state is 
probably the major decay channel.
Pyrazine undergoes an intermediate case intersystem crossing. 
This transition is collisionally induced and, with a sufficiently high 
collision frequency, is the sole decay channel„ The lifetime studies 
reported here confirm the earlier observation of this intermediate case 
transition. They also demonstrate that the observed non-exponentiality 
of the decay is not due to a failure to achieve single vibronic level 
excitation.
Pyrimidine and s-triazine have similar structures and their
mode of fluorescence decay is also similar. They have small singlet-
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triplet energy gaps (« 1800-1900 cm"1). The lifetime studies reported 
here show that the decay of the pyrimidine singlet is dominated by a 
transition in the small-molecule limit. The steady state studies of 
other workers show that the transition is an intersystem crossing but 
fail to demonstrate just how small a collisional perturbation is needed 
to induce this transition. This collisionally induced intersystem 
crossing is at least the dominant and possibly the sole decay channel. 
The steady state experiments have suggested that the s-triazine decay is 
directly analogous to the pyrimidine decay. This is not so. The 
lifetime studies reported here, show that there is at least one other 
major decay channel operating. It is likely that the additional channel 
is internal conversion to the ground state.
Pyridazine and s-tetrazine have similar structures and their 
mode of fluorescence decay is also similar0 The lifetime of pyridazine 
is expected to be very short; observations made during this study 
confirm thiSo Pyridazine has been shown to photodissociate from the 
excited singlet. However the major decay channel of this singlet is 
internal conversion to the ground state. A very minor collisionally 
induced decay has been observed. This channel might be an intermediate 
case intersystem crossing like that of pyrazine, since the singlet- 
triplet energy gap of pyridazine (4162 cm 1) is similar to that of 
pyrazine (4056 cm-1)/ and since the vibrational complexities of these 
molecules are also similar. The lifetime of s-tetrazine is also short 
and, again, photodissociation has been observed. Here photodissociation 
is the dominant decay channel. Both of these photodissociations are 
statistical limit processes.
The low fluorescence quantum yields and the high quenching 
efficiencies of the azabenzenes have combined to make these lifetime
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measurements very difficult. If a further advance in our understanding 
of these processes is to be made, the emission intensity will have to 
be increased. This can only be achieved by use of a higher intensity 
nanosecond light source. High pressure lamps once looked like providing 
the answer to this problem, but have not proved to be a practical light 
source. Dye lasers will probably become more widely used in such 
studies, but an increase in their repetition rate is necessary for this 
option to become an attractive one. When this problem is solved, a more 
complete study of the vibrational involvement in a radiationless process 
will be possible as well as a close look at both sides of the pyrazine 
intersystem crossing.
The different types of decay processes discussed above tie in 
rather nicely with the predictions of recent years, that the nature of a 
radiationless process should depend strongly on the nature of the 
manifold into which the transition leads0 As a group, the azabenzenes
have satisfied the requirements of Chapter 1.
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